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INTRODUCTION:  Huntingtin  Interacting  Protein  1  (HIP1)  is  a  clathrin  and 
inositol  lipid  binding  protein  that  may  be  involved  in  neurodegeneration  by  virtue  of  its 
interaction  with  huntingtin,  the  protein  mutated  in  Huntington’s  disease.  It  is  also 
associated  with  leukemia  by  discovery  of  the  oncogenic  HIPl/PDGFpR  fusion  protein 
that  resulted  from  a  t(5;7)  chromosomal  translocation  in  a  patient  with  chronic 
myelomonocytic  leukemia.  We  think  HIP1  may  be  involved  in  breast  tumorigenesis  for 
the  following  reasons.  First,  HIP1  is  over-expressed  in  primary  breast  tumors  [1], 
Second,  expression  of  a  dominant  negative  mutant  of  HIP1  [2]  or  genetic  deletion  of 
HIP1  leads  to  apoptosis  of  normal  as  well  as  tumor  tissue  suggesting  that  expression  of 
HIP1  may  be  necessary  for  cellular  survival  of  many  cell  types  [3,  4].  Finally,  over¬ 
expression  of  HIP1  in  NIH/3T3  cells  leads  to  transformation  [1].  The  purpose  of  this 
IDEA  grant  was  to  further  explore  the  role  of  HIP1  in  breast  cancer  by  testing  its 
necessity  in  breast  tumorigenesis  and  the  effects  of  HIP1  overexpression  on  the  signaling 
from  key  growth  factor  receptors  that  are  known  to  function  in  the  pathophysiology  of 
breast  cancer. 

BODY:  The  first  hypothesis  we  proposed  to  the  DOD  was  that  HIP1  expression  is 
necessary  for  breast  cancer  evolution.  To  test  this  we  generated  a  cohort  of  breast  cancer 
prone  transgenic  mice  (MMTV-iffyc)  that  are  deficient  (n=20)  or  replete  for  HIP1  (n=20). 
Our  preliminary  data  indicates  that  HIP1  deficiency  inhibits  the  progression  rather  than 
the  incidence  of  breast  tumors  in  this  mouse  model.  This  is  similar  to  our  recently 
published  work  showing  that  HIP1  is  necessary  for  the  progression  of  prostate  cancer 
(Figure  1  of  appended  manuscript  #1;  [5]).  These  MMTV-Myc  experiments  are  ongoing 
and  we  expect  to  have  results  on  this  first  cohort  of  mice  available  for  report  at  the  Era  of 
Hope  meeting  in  June  of  this  year. 

The  second  hypothesis  we  proposed  to  the  DOD  was  that  dysregulation  of 
endocytosis  of  EGFR  by  HIP1  is  a  mechanism  by  which  HIP1  promotes  breast  cancer 
evolution.  Indeed,  we  have  found  that  HIP1  overexpression  inhibits  the  degradation  the 
EGFR  (appended  manuscript  #2;  [6]).  Showing  that  HIP1  is  necessary  for  breast  cancer 
progression  and  modulates  key  growth  factor  receptors,  fuels  the  idea  that  HIP1 
inhibition  has  excellent  therapeutic  potential.  We  will  continue  to  explore  the  activity  of 
HIP1  in  loss-of-function  and  gain-of-function  experiments  as  well  as  search  for  inhibitors 
of  HIP  1  that  may  be  useful  in  the  treatment  of  breast  cancer. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

1 .  We  have  generated  a  cohort  of  breast  cancer  prone  MMT V -My c  mice  that 
are  deficient  for  HIP1  to  test  for  its  role  in  breast  cancer  initiation, 
maintenance  or  evolution. 

2.  We  have  discovered  that  HIP1  and  its  only  known  mammalian  relative, 
HIPIr,  prolong  the  half-life  of  the  EGFR  when  overexpressed.  This  has 
lead  to  the  publication  of  appendix  manuscript  #2. 

3.  We  have  generated  HIP  1 /HIPIr  deficient  fibroblasts  and  are  in  the  process 
of  analyzing  them  for  altered  growth  factor  receptor  stability  and  ability  to 
be  transformed  by  key  oncogenes  (RasV12,  Myc,  HER2). 
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REPORTABLE  OUTCOMES:  Three  manuscripts  have  been  published  over  the 
last  year  that  are  relevant  to  this  proposal  and  are  found  in  the  appendix. 

CONCLUSIONS:  My  laboratory  is  interested  in  the  mechanisms  that  transform 
normal  cells  into  cancer  cells.  We  have  recently  identified  a  novel  HIP1  mediated 
mechanism  whereby  alterations  in  endocytosis  cause  cancer  by  simultaneously  increasing 
signaling  through  multiple  mitogenic  and  survival  pathways  in  parallel.  This  was  the 
basis  for  our  proposal  to  study  this  pathway  in  breast  cancer.  Using  DOD  funds  we  have 
succeeded  in  generating  a  mouse  model  that  will  test  if  HIP1  deficiency  alters  breast 
tumorigenesis  in  vivo.  We  have  also  discovered  that  HIP1  alters  growth  factor  receptor 
stability  by  inhibiting  its  degradation  at  a  stage  that  is  not  the  uptake  phase  of  endocytosis 
but  is  instead  localized  to  the  early  signaling  endosomes  [7].  The  latter  discovery  is 
surprising  to  us  as  we  had  hypothesized  that  HIP1  affected  the  density  of  surface 
receptors  as  a  mechanism  for  cancer  cell  survival  [1].  Our  future  work  on  this  topic  will 
involve  analysis  of  the  loss  of  HIP  1  function  on  the  ability  of  MEFs  to  be  transformed, 
analysis  of  the  phenotype  of  the  HIP1  deficient  MMTV-A/pc  transgenic  mice,  obtain  a 
better  understanding  of  endosome  signaling  versus  surface  receptor  signaling  in 
transformation  of  normal  cells  to  cancer  cells  and  ultimately  develop  a  screen  for  HIP1 
inhibitors  based  on  HIPl’s  EGFR  stabilizing  activity. 
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Summary:  Huntingtin  Interacting  Protein  1  (HIP1)  is  frequently  overexpressed  in 

prostate  cancer.  HIP1  is  a  clathrin  binding  protein  involved  in  growth  factor  receptor 
trafficking  that  transforms  fibroblasts  by  prolonging  the  half-life  of  growth  factor 
receptors.  In  addition  to  human  cancers,  HIP1  is  also  overexpressed  in  prostate  tumors 
from  the  Transgenic  Adenocarcinoma  of  the  Mouse  Prostate  (TRAMP)  mouse  model. 
Here  we  provide  evidence  that  HIP1  plays  an  important  role  in  mouse  tumor 
development,  as  tumor  formation  in  the  TRAMP  mice  was  impaired  in  the  Hiplnun,nul 1 
background.  In  addition,  we  report  that  autoantibodies  to  HIP1  developed  in  the  sera  of 
TRAMP  mice  with  prostate  cancer  as  well  as  in  the  sera  from  human  prostate  cancer 
patients.  This  led  to  the  development  of  an  anti-HIPl  serum  test  in  humans  that  had  a 
similar  sensitivity  and  specificity  to  the  anti-AMACR  and  PSA  tests  for  prostate  cancer 
and  when  combined  with  the  anti-AMACR  test  yielded  a  specificity  of  97%.  These  data 
suggest  that  HIP1  plays  a  functional  role  in  tumorigenesis  and  that  a  positive  HIP1 
autoantibody  test  may  be  an  important  serum  marker  of  prostate  cancer. 


Introduction. 


Currently,  the  prostate  specific  antigen  (PSA)  blood  test  is  widely  relied  upon  for 
the  early  detection  of  prostate  cancer.  Despite  the  fact  that  this  test  was  identified  almost 
20  years  ago  and  standardized  more  than  10  years  ago  (1),  the  effect  of  this  screening  on 
mortality  is  not  yet  defined  (2-4)  and  both  its  sensitivity  (5,6)  and  specificity  (7)  have 
limitations.  Although  there  has  been  a  stage  migration  with  use  of  the  PSA  test  and 
therefore  this  test  likely  diminishes  mortality  from  prostate  cancer,  the  discovery  of  new 
biomarkers  for  early  diagnosis  and  prognosis  of  prostate  cancer  may  improve 
management  of  and  survival  from  prostate  cancer. 

Recently,  the  identification  of  a  test  that  identifies  autoantibodies  to  the  prostate 
tumor  marker,  alpha-Methylacyl  CoA  racemase  (AMACR)  provided  hope  that  use  of 
cytoplasmic  tumor  markers  in  addition  to  secreted  antigens  could  lead  to  blood  screening 
tests  (8).  The  proposed  reason  for  the  formation  of  autoantibodies  is  that  upon  turnover 
of  tumor  cells,  tumor  antigens  are  shed  into  the  circulation  at  low  levels  inducing  an 
immune  response.  Immunoreactivity  to  other  cytoplasmic  tumor  antigens  has  been 
described  in  prostate  cancer  patients  previously,  but  the  formation  of  these  autoantibodies 
did  not  show  high  sensitivities  (9-1 1). 

Since  HIP1  is  specifically  up-regulated  in  prostate  cancer  relative  to  benign 
prostatic  epithelia  (12)  and  is  a  cytoplasmic  protein,  we  hypothesized  that  HIP1 
autoantibody  formation  could,  like  AMACR,  yield  a  useful  blood  test  for  prostate  cancer. 
In  addition,  since  overexpression  of  HIP  1  is  associated  with  advanced  prostate  cancer 
(12)  and  HIP1  directly  transforms  fibroblasts  (13),  we  hypothesized  that  HIP1  may  be 
necessary  for  in  vivo  tumor  cell  survival  or  progression. 
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To  experimentally  evaluate  these  two  questions  in  mice,  we  employed  the 
Transgenic  Adenocarcinoma  of  the  Mouse  Prostate  (TRAMP)  model  (14)  and  Hipl 
mutant  mice  generated  in  our  laboratory  (15).  TRAMP  mice  express  simian  virus  40 
(SV40)  T  antigen  under  the  control  of  the  probasin  promoter.  This  targets  transgene 
expression  to  the  epithelial  cells  of  the  prostate  and  this  leads  to  prostate  cancer. 
Although  many  of  the  tumors  in  these  mice  are  more  representative  of  a  neuroendocrine 
rather  than  epithelial  cancer  (16),  the  progression  of  these  cancers  in  the  TRAMP  model 
is  similar  to  human  prostate  cancer  in  that  the  prostates  of  these  mice  develop 
hyperplastic  epithelia,  in  situ  carcinoma,  locally  invasive  cancers  followed  by  metastases 
to  the  liver,  lung,  lymph  nodes  and  bone.  In  addition  to  providing  evidence  here  that 
HIP1  may  indeed  be  necessary  for  tumorigenesis  in  the  TRAMP  prostate,  we  have 
discovered  that  both  TRAMP  mice  and  men  with  prostate  cancer  produce  autoantibodies 
to  HIP1  more  frequently  than  control  individuals.  Using  both  immunoblot  and  ELISA 
tests,  described  herein,  we  have  found  that  the  sensitivity  and  specificity  of  this  novel 
prostate  cancer  blood  test  is  similar  to  that  of  PSA,  and  when  combined  with  AMACR, 
has  the  exciting  potential  to  surpass  the  specificity  of  the  PSA  test. 
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Materials  and  Methods. 


Animals.  The  HiplmWnun  mice  (15)  and  TRAMP  mice  (14)  were  maintained  on  a 
C57BL/6;129svJ  and  C57BL/6  background  respectively.  SV40  T  antigen  “homozygous” 
TRAMP  male  mice  were  intercrossed  with  Hiplnaninail  females  to  generate  T  antigen 
transgenic  (TRAMP)  mice  that  were  heterozygous  for  the  Hipl  mutation 
(TRAMP/f7zpinu,1/+).  The  latter  mice  were  then  intercrossed  to  make  TRAMP  littermates 
containing  either  wild  type  or  knockout  Hipl  alleles.  Mouse  tail  DNA  was  genotyped 
for  the  SV40  T  antigen  by  PCR  (14)  or  for  the  Hipl  null  allele  by  Southern  (15,17). 
Euthanized  mice  were  subjected  to  complete  necropsy  as  well  as  Hipl! SV40  T  antigen 
genotype  verification  via  repeat  southern  blot  of  tail  tissue  and  western  blot  of  tumors  for 
the  presence  or  absence  of  HIP  1  and  T  antigen  proteins.  Mouse  care  followed 
established  institutional  guidelines. 

Evaluation  of  TRAMP  prostate  tissue.  Sixteen  TRAMP IHipl+l+  and  8 
TR  A M P/lIip  / n ul l/n " 1 1  littermate  mice  were  analyzed  for  tumor  extent  at  6.5  months  of  age. 
Prostate  and  tumor  samples  were  fixed  in  10%  (vol/vol)  buffered  formalin,  embedded  in 
paraffin,  serially  sectioned  and  stained  by  H&E.  The  slides  of  prostatic  tissue  were  then 
evaluated  for  the  presence  of  hyperplasia,  adenoma  or  invasive  adenocarcinoma  as 
described  previously  (18). 

Acquisition  of  Serum  Samples  from  TRAMP  mice.  TRAMP  mice  and  T 
antigen  negative  control  mice  were  initially  bled  between  the  ages  of  2-4  months  from  the 
saphenous  vein  of  the  hind  leg.  Approximately  100-200  pi  of  blood  was  collected  into 
Microvette  CB  300  serum  separation  tubes  (Starstadt,  Germany)  and  30-40  pi  aliquotes 
were  stored  at  -20°C  until  analyzed. 
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Human  Patient  Cohort  and  Samples.  This  study  was  approved  by  the 
University  of  Michigan  Medical  School  Institutional  Review  Board.  At  the  time  of 
diagnosis  and  prior  to  prostatectomy,  sera  from  97  biopsy-proven  clinically  localized 
prostate  cancer  patients  were  collected  and  stored  in  the  University  of  Michigan  Prostate 
S.P.O.R.E.  Tissue/Serum  Bank  from  January  1995  to  January  2003.  The  average  age  of 
the  participants  was  59  (range  was  41-83).  Table  1  summarizes  the  clinical  data  for  the 
97  prostate  cancer  patients.  As  controls,  sera  from  21 1  male  subjects  (average  age  61, 
range  29-84,  collected  at  the  University  of  Michigan  clinical  pathology  laboratories  from 
May  2001  to  May  2003)  with  no  known  history  of  cancer  were  used.  All  sera  were 
stored  in  aliquots  at  -20°C. 

Preparation  of  HIP1  antigen.  A  glutathione  S-transferase-3 ’HIP  1  (GST- 
3’HIPl)  fusion  construct  was  used  to  generate  3’HIPl  antigen.  Briefly,  GST  was  fused  in 
frame  to  the  C-terminal  half  of  HIP  1  amino  acid  sequence  starting  at  the  sole  internal 
EcoRI  site  (nucleotide  1250)  and  ending  at  the  native  stop  codon  (nucleotide  3010)  (19). 
Expression  of  antigen  was  induced  in  bacteria  with  0.1  mM  IPTG  for  4  hours  at  37°C, 
bacteria  were  sonicated  and  then  antigen  initially  fractionated  from  other  bacterial 
proteins  with  glutathione-Sepharose.  GST  was  then  cleaved  off  of  the  partially  pure 
protein  with  thrombin.  The  antigen  was  separated  from  free  GST  on  a  preparative  8% 
SDS-PAGE  gel,  electroeluted,  dialyzed  and  concentrated  to  obtain  further  purity. 

Immunoblot  Analysis  of  anti-HIPl  antibodies  in  mouse  or  human  serum. 
3’HIP1  protein  (10  |lg  for  mouse  sera  and  20  |lg  for  human  sera)  was  separated  on  a  10% 
preparative  gel,  transferred  to  nitrocellulose,  and  blocked  overnight  at  4°C  in  TBST 
(mouse  sera)  or  TBS  (human  sera)  with  5%  milk  and  5%  goat  (mouse  samples)  or 
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donkey  (human  samples)  serum  (“blocking  solution”).  A  Miniblotter  28-dual  unit  system 
(Immunetics  Inc,  Cambridge,  Massachusetts)  was  used  to  make  25  incubation  chambers 
for  serum  samples,  diluted  1:50  in  1:10  blocking  solution  (human  sera)  or  1:15  in 
TBST/5%  milk  (mouse  sera).  Membranes  were  incubated  with  the  serum  samples  for 
two  hours  at  room  temperature  and  then  washed  with  TBST.  For  blots  of  TRAMP  sera, 
goat  anti-mouse  HRP-conjugated  secondary  antibody  (Sigma,  St.  Louis,  MO)  was  used  at 
1 :5000  dilution  in  TBST/5%  milk  for  1  hour  at  room  temperature.  The  blots  were  then 
washed  for  1  hour  with  TBST  and  HRP  developed  with  enhanced  chemiluminescence 
(ECL).  For  analysis  of  human  sera,  a  donkey  anti-human  biotin  conjugated  secondary 
antibody  (Jackson  Immuno  Research,  Westgrove,  Pa)  was  used  at  a  1 :50,000  dilution  in 
1:10  “blocking  solution”  for  one  hour.  After  washing  with  TBST,  HRP-conjugated 
streptavidin  was  incubated  with  the  blots  (1:25,000  dilution  in  1:10  blocking  solution)  for 
one  hour,  and  then  the  blots  were  subjected  to  a  final  wash.  Super-Signal  ECL  (Pierce) 
was  used  to  develop  the  HRP  for  the  human  samples  and  generic  ECL  was  used  for 
mouse  samples  (20). 

ELISA  test  for  HIP1  autoantibodies.  MaxiSorb  immunoplates  (Nalge  Nunc 
Int.,  Rochester,  NY  )  were  coated  with  5  jlg/ml  of  the  3’  HIP1  antigen  by  incubating  50 
pl/well  overnight  at  4°C.  The  plates  were  then  washed  twice  with  TBST.  Plates  were 
blocked  with  200  |il  of  5%  milk  in  TBST  overnight  at  4°C,  washed  twice  with  TBST  and 
stored  at  4°C  for  a  maximum  of  2  weeks.  Serum  samples  (50  pl/well)  diluted  1  TOO  in 
blocking  solution  were  assayed  in  duplicate  and  incubated  with  the  antigen  coated  plates 
at  room  temperature  for  1  hour.  The  plates  were  then  washed  5  times  with  TBST  and 
incubated  with  1:10,000  goat  anti-human  IgG  biotin  conjugated  (Pierce,  Rockford,  IL) 


secondary  antibody  for  30  minutes.  The  plates  were  again  washed  Five  times  with  TBST 
and  incubated  with  ABC  reagent  (Pierce,  Rockford,  IL  )  for  30  minutes  and  washed.  100 
(xl  of  the  1-Step  Ultra  TMB  (Pierce,  Rockford,  IL  )  was  incubated  on  the  plates  for  30 
minutes  for  color  development  and  then  quenched  with  100  |il  of  H2S04.  Absorbance 
was  measured  at  450-550  nm  using  a  VERSAmax  microplate  reader  (Molecular  Devices, 
Sunnyvale,  CA). 

Statistical  Analysis.  All  statistical  analyses  were  performed  with  Excel,  Medcalc 
or  SPSS.  To  test  for  the  difference  in  tumor  incidence  and  histologic  appearances  the 
MedCalc  program  was  used  to  perform  correlative  and  chi-squared  tests.  To  test  for 
significant  differences  in  HIP1  immune  response  between  prostate  cancer  patients  and 
control  subjects,  the  Pearson’s  chi-squared  test  as  well  as  the  student’s  two-sided  t-test 
was  performed  using  SPSS.  ROC  curve  analysis  was  achieved  using  the  MedCalc 
program. 
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Results 


Diminished  prostate  tumor  development  in  TRAMP//ftpinull/nu"  mice. 

To  examine  the  in  vivo  necessity  of  HIP1  overexpression  in  prostate  tumors, 
TRAMP  mice  (14)  and  Hiplnun,nun  mice  (15)  were  crossed  to  generate  TRAMP  mice 
deficient  of  HIP  1  (TRAMP///;p7null  nul1  mice)  as  well  as  control  littermates 
(TRAMP/77zpi+/+  mice).  This  experiment  was  based  on  the  previous  observation  that 
murine  HIP1  is  overexpressed  in  50%  of  prostate  tumors  that  develop  in  TRAMP  mice 
(12)  and  that  the  loss  of  function  mutation  of  Hipl  does  not  alter  the  development  or 
maintenance  of  normal  prostate  tissue  nor  does  it  affect  hormone  levels  in  mice  including 
testosterone  (15,17).  In  an  initial  study  of  these  mice,  we  noted  that  TRAMP  mice 
deficient  for  HIP1  did  not  develop  as  many  palpable  tumors  as  their  wild  type  HIP1 
expressing  littermates  (data  not  shown).  To  quantitate  this  observation  we  initiated  a 
second  experiment  where  TRAMP  littermates  without  HIP1  expression 
(TRAM P/ HiplmiUlm'11)  and  their  controls  (TRAMP/ Hip  l+l+)  were  sacrificed  at  6.5  months 
of  age.  We  chose  to  analyze  mice  at  this  age,  as  by  6  months  of  age  all  TRAMP  mice 
develop  prostate  tumors  (18).  As  seen  in  Figure  la,  the  absence  of  HIP  1  expression 
resulted  in  fewer  grossly  observed  prostate  tumors  than  littermate  Hipl  wild  type  controls 
(2/8  TRAMP///z/;7null/nu11  (25%)  versus  13/16  TRAMP /Hipl+/+  (81%),  respectively;  P  < 
0.01)). 

The  diminished  tumor  frequency  observed  in  the  Hiplnumm  mice  could  be  due  to 
a  reduced  rate  of  tumor  initiation.  Alternatively,  HIP1  may  be  required  for  tumor  growth 
or  progression  to  invasive  carcinoma.  To  begin  to  distinguish  between  these  possibilities, 
the  histologic  characteristics  of  the  prostates  and  their  tumors  from  these  mice  was  scored 
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using  a  previously  described  grading  system  of  prostatic  lesions  (18).  Briefly,  serial 
tissue  sections  were  characterized  for  their  most  advanced  lesions.  For  example, 
“hyperplasia”  was  scored  when  the  epithelial  cells  of  the  acini  were  crowded  and  formed 
foci  in  cribiform  or  papillary  patterns  but  still  followed  the  outline  of  the  acinus. 
“Adenoma”  was  scored  when  in  some  parts  of  the  tissue  the  epithelial  cells  completely 
filled  the  lumen  or  distinct  epithelial  masses  were  found  in  the  lumen  of  the  acinus. 
“Invasive  carcinoma”  was  scored  when  there  was  local  invasion  into  and  beyond  the 
capsule  of  the  acinus  or  there  were  distant  metastases.  The  TRAMP  mice  with 
“adenomas”  or  “invasive  carcinomas”  also  contained  multiple  foci  of  hyperplasia. 

Using  this  scoring  system  we  found  that  development  of  invasive  cancers  was 
diminished  in  TRAMP/////?/nuil7nu11  mice.  At  6.5  months  of  age,  most  of  the  TRAMP  mice 
with  normal  Hipl  had  adenomas  or  invasive  cancers  (8/8  observed  TRAMP/////?/  '7' 
(100%)  versus  1/6  (17%)  TRAMP/////?/"11"7™")  (Figure  1  b).  In  contrast,  most  of  the 
TRAMP/////?/ null7nul1  mice  had  only  hyperplastic  lesions  5/6  (84%).  The  differences  in 
tumor  incidence  either  by  gross  observation  or  by  histology  between  control  and 
TRAMP/////?/null7nul1  mice  was  significant  (P<0.01  and  P<0.025  Pearson’s  chi-squared, 
respectively).  These  data  suggest  that  there  is  a  delay  in  the  ability  of  prostatic  lesions 
from  HiplmWnu 1  mice  to  progress  from  hyperplasia  to  adenomas  and  invasive  carcinomas. 
Previously  we  reported  that  50  percent  of  TRAMP  prostate  tumors  overexpressed  HIP1 
by  western  blot  analysis  of  tumors  (12).  In  contrast,  we  find  here  that  at  least  75%  of  the 
TRAMP  prostates  required  HIP1  expression  for  invasive  tumor  formation  (Figure  la  first 
bar).  This  suggests  that  the  sensitivity  to  detect  HIP1  overexpression  by  western  blot 
analysis  of  prostate  tumors  may  be  limited. 
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Autoantibodies  to  HIP1  in  TRAMP  mice. 


Since  HIP1  was  overexpressed  in  prostate  tumors  of  both  humans  and  mice  (12), 
we  attempted  to  measure  HIP1  levels  in  mouse  serum  by  western  blot  analysis  using  anti- 
H1P1  polyclonal  (UM323)  and  monoclonal  (IB  1 1)  antibodies.  Our  goal  was  to  determine 
if  HIP  1  antigen  quantitation  could  be  used  as  a  novel  serum  biomarker  of  prostate  cancer. 
As  one  might  expect  for  a  cytoplasmic  protein,  we  were  not  able  to  detect  the  HIP1 
antigen  in  sera  (data  not  shown).  Because  of  this  limited  sensitivity  we  decided  to  test 
the  hypothesis  that  a  humoral  immune  response  to  overexpressed  HIP1  marks  prostate 
cancer  presence.  If  such  a  response  was  detected  we  hypothesized  that  it  could  be  used 
as  a  potential  blood  test  for  prostate  cancer  detection  and  prognosis. 

To  begin  to  test  this,  recombinant  HIP1  (19)  was  purified  (left  panel.  Figure  2a) 
and  immunoblot  with  specific  HIP1  monoclonal  antibodies,  4B10  and  1B1 1,  confirmed 
its  identity  (right  hand  panel.  Figure  2a).  The  lower  band  of  the  two  bands  on  the 
western  blot  was  variably  seen  in  different  preparations  of  the  purified  antigen  and  was 
likely  the  result  of  degradation  during  antigen  preparation.  In  an  initial  pilot  western  blot 
study  of  mouse  sera  and  3’HIP1  antigen,  we  found  that  there  was  immune  reactivity  to 
the  HIP1  antigen  in  sera  from  prostate  tumor-bearing  TRAMP IHipl+l+  mice  but  not 
control  (T  antigen  negative)  or  TRAMP/  HiplnuWnutt  mice  (data  not  shown).  Serial  serum 
samples  from  TRAMP  mice  and  control  mice  were  loaded  in  a  mini-blot  apparatus  (8)  to 
determine  the  developmental  time  course  and  maintenance  of  autoantibodies  to  HIP1  in 
TRAMP  mice  (Figure  2b).  Remarkably,  we  found  that  there  was  an  antibody  response  to 
HIP1  that  varied  in  its  time  of  onset  (Figure  2b)  but  was  detected  as  early  as  4  months  of 
age  in  the  TRAMP  mice  -  all  of  which  were  expected  to  have  developed  prostatic  lesions 
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by  6.5  months  of  age.  Twelve  of  the  22  (55%)  TRAMP  mice  developed  sustained 
immunity.  In  contrast,  none  of  the  14  (0%)  control  (T  antigen  negative)  littermates 
showed  sustained  presence  of  auto-antibodies  to  HIP1. 

Serum  antibodies  to  HIP1  in  human  prostate  cancer  patients. 

In  light  of  the  presence  of  autoantibodies  to  HIP1  in  prostate  cancer-bearing 
TRAMP  mice,  we  tested  if  there  was  an  immune  response  to  HIP1  in  sera  from  human 
prostate  cancer  patients.  Because  one  gel  was  only  able  to  assay  25  distinct  sera  at  a  time 
and  we  had  sera  from  308  men  available  for  testing,  we  used  the  same  positive  and 
negative  HIP1  reactive  sera  on  each  blot  as  a  reference  point.  This  allowed  us  to 
quantitate  and  normalize  signals  between  different  blots.  Results  of  one  such  screen  using 
sera  from  prostate  cancer  patients  and  controls  (n=23  for  each)  are  shown  in  Figure  3 a. 
Ultimately,  the  sera  from  97  prostate  cancer  and  21 1  age-matched  male  control  sera  were 
screened  by  western  blot.  The  blots  were  analyzed  by  measuring  the  grayscale  values  of 
the  reactive  bands  (arrows  in  Figure  3 a)  and  then  quantitated  as  a  percent  of  the  reference 
positive  control  (Figure  3b).  A  positive  score  was  assigned  to  bands  with  a  value  greater 
than  or  equal  to  50%  of  the  positive  control,  while  those  bands  less  than  50%  of  the 
positive  control  received  a  negative  score.  This  cut-off  was  chosen  because  it  yielded  the 
highest  values  for  specificity  and  sensitivity,  as  analyzed  from  ROC  curves  created  from 
a  randomly  chosen  subset  of  the  prostate  cancer  and  control  subjects.  All  serum  samples 
were  then  validated  for  autoantibodies  to  HIP1  by  this  high-throughput  immunoblot 
analysis.  HIP1  antibodies  were  significantly  more  frequent  in  serum  from  prostate 
cancer  patients  compared  to  age-matched  controls  (p  <  0.001  Chi-squared,  likelihood 
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ratio).  Forty  five  out  of  97  (46%)  prostate  cancer  patient  sera  received  a  positive  score, 
as  compared  to  58  out  of  21 1  (27%)  of  the  age-matched  control  sera  (Figure  3 c). 

For  confirmation  of  our  western  blot  results  and  the  development  of  an  additional 
clinical  assay,  an  ELISA  to  monitor  HIP1  immune  response  was  developed.  ELISA 
plates  were  coated  with  purified  recombinant  3’HIP1,  and  then  sera  from  patients  with 
prostate  cancer  or  age-matched  controls  were  assayed.  The  measured  absorbance  was 
converted  to  values  relative  to  negative  reference  controls  and  duplicate  samples  in  each 
of  two  experiments  (n  =  4  replicates)  were  averaged.  Figure  4 a  shows  the  average 
relative  absorbencies  for  all  of  the  prostate  cancer  patient  sera  and  81  of  the  control  sera. 
A  relative  absorbance  that  was  greater  than  the  negative  control  (ELISA  value  greater 
than  1)  was  considered  a  positive  score.  The  cut-off  for  this  test  was,  like  the  high 
throughput  western  blot  test,  determined  by  using  ROC  curves  on  a  subset  of  the  patient 
sera  and  determining  where  the  ELISA  values  yielded  the  highest  specificity  and 
sensitivity.  All  available  serum  samples  were  then  tested  for  HIP1  antibodies  by  high- 
through-put  ELISA.  There  were  significantly  more  prostate  cancer  sera  with  positive 
scores  (46%  of  sera  from  prostate  cancer  patients  versus  27%  of  sera  from  age-matched 
controls)  (Figure  46).  The  ELISA  test  alone  results  in  similar  values  for  specificity  and 
sensitivity  as  the  western  blot  analysis  (Table  2).  If  both  tests  are  required  to  be  reactive 
for  a  positive  test,  only  24%  of  the  prostate  cancers  are  positive  versus  12%  of  the 
controls.  Although  there  is  diminished  sensitivity  using  the  increased  stringency  (both 
tests  necessarily  reactive),  it  does  raise  the  specificity  to  88%.  The  observed  decreased 
sensitivity  with  the  combination  of  western  blot  and  ELISA  tests  is  expected  because  the 
chance  that  both  tests,  which  have  distinct  antigen  presentations  on  either  nitrocellulose 
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membranes  or  plastic  plates,  would  have  accessible  antigenic  epitopes  simultaneously  in 
each  patient  is  less  likely  than  if  only  one  were  necessary.  Hence,  if  only  one  of  the  two 
HIP1  reactivity  tests  is  required  fqr  positivity,  69%  of  the  prostate  cancers  are  positive 
versus  44%  of  the  controls  (Table  2).  It  should  be  noted  at  this  point  that  the  control 
group  did  not  undergo  prostate  biopsies  or  have  close  follow-up.  Because  of  this 
limitation,  the  possibility  of  missed  prostate  cancer  in  the  control  group  must  be 
considered  when  evaluating  this  initial  data.  In  addition,  some  of  the  “background”  could 
be  contributed  by  other  occult  malignancies  such  as  melanoma,  colon  or  lung  cancers. 

Previously,  we  have  found  that,  using  immunohistochemical  analysis  of  HIP  1 
antigen  in  tissue  sections,  overexpression  of  HIP  1  in  prostate  cancers  predicted  a  poor 
outcome  (12).  It  follows  that  the  autoantibodies  to  HIP1  in  prostate  cancer  patients  might 
also  contain  prognostic  information.  In  the  current  group  of  97  prostate  cancer  patients 
there  were  no  statistically  significant  associations  between  HIP1  immune  responses  and 
linked  clinical  parameters  including  initial  PSA  level,  PSA  recurrence,  Gleason  grade, 
tumor  size,  or  stage. 

In  addition  to  assessing  the  relationship  between  linked  clinical  data  and  HIP1 
autoantibody  formation,  we  compared  the  HIP1  test  to  other  serum  tests  such  as  the  PSA 
and  AMACR  tests.  In  the  initial  study  of  the  AMACR  humoral  response,  a  specificity  of 
71.8%  and  sensitivity  of  61.6%  were  found  (8).  The  samples  used  for  this  current  study 
of  HIP  1  humoral  response  were  also  tested  for  their  humoral  immune  response  to 
AMACR  and  similar  values  for  AMACR  specificity  and  sensitivity  were  found  as 
previously  reported  (67%  and  64%  respectively)  (Table  2).  The  ROC  curves  for  HIP1 
and  AMACR  yielded  similar  values  for  area  under  the  curve  (data  not  shown). 
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As  well  as  comparison  with  the  AMACR  test,  it  follows  that  the  HIP1  antibody 
test  could  complement  the  PSA  test.  However,  the  comparison  of  the  HIP1  test  to  the 
PSA  test  in  the  group  of  patients  (n=90)  and  controls  (n=l  17)  for  which  PSA  data  was 
available  was  problematic.  This  was  due  to  the  availability  of  only  a  limited  supply  of 
banked  serum  samples  from  control  patients  with  PSA  values  greater  than  4.0  ng/ml. 

This  resulted  in  an  expected  but  scewed  specificity  and  sensitivity  (75%  and  77% 
respectively)  for  the  PSA  test  (positive  greater  than  4.0  ng/ml).  The  reported  45% 
specificity  and  50%  sensitivity  for  PSA  in  a  previous  group  of  sera  that  were  tested  for 
AMACR  are  closer  to  expected  (8).  Because  of  this  limited  supply,  a  subgroup  of  68 
prostate  cancer  sera  and  29  age-matched  control  sera  that  had  PSA  values  greater  than  4 
ng/ml  was  analyzed  separately  for  HIP1  autoimmunity  (Table  3).  There  was  again  a 
significant  difference  in  the  numbers  of  HIP  1  positive  samples  from  prostate  cancer 
patients  versus  control  individuals,  as  determined  by  ELISA  or  western  blot  (p  <  0.025 
and  p  <  0.01  respectively).  The  most  significant  difference  was  seen  when  a  positive 
score  by  either  ELISA  or  western  blot  was  required,  giving  a  specificity  of  64%  and  a 
sensitivity  of  88%  (p  <  0.001)  in  a  group  that  would  all  be  considered  positive  by  the 
PSA  test.  Also,  a  combination  of  AMACR  and  HIP1  tests  increased  specificity 
dramatically  (97%)  suggesting  that  the  combination  of  these  two  tests  could  lead  to  better 
predictions  of  cancer  if  added  to  the  PSA  test.  Although  further  analysis  of  additional 
patient  and  control  populations  with  prospective  follow-up,  serial  sampling  (as  shown  for 
the  TRAMP  mice  in  figure  2b)  and  from  multiple  different  institutions  is  essential,  these 
results  suggest  that  the  combination  of  the  HIP1  test  with  PSA  and  AMACR  tests  results 
has  the  potential  to  yield  a  highly  specific  diagnostic  test  for  prostate  cancer. 
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Discussion: 


Prostate  cancer  morbidity  and  mortality  are  due  to  its  progression  within  the 
prostate  as  well  as  its  metastatic  spread  beyond  the  prostate.  Because  of  this,  an 
understanding  of  the  mechanism  by  which  localized  hyperplastic  lesions  progress  to 
invasive  and  metastatic  carcinomas  is  very  important.  In  addition,  obtaining  blood  tests 
that  can  provide  for  the  earliest  detection  of  prostate  cancer  will  have  important 
prognostic  and  therapeutic  implications. 

Here  we  report  in  vivo  genetic  evidence  for  the  necessity  of  the  clathrin  binding 
protein,  HIP1,  in  the  prostatic  hyperplasia-to-carcinoma  transition.  These  experiments 
were  initiated  based  on  the  fact  that  HIP1  expression  is  frequently  elevated  in  human 
prostate  cancer,  and  this  overexpression  predicts  the  progression  of  the  disease  in 
humans.  In  addition,  since  TRAMP  mice  have  HIP1  up-regulated  in  their  tumors  (12)  it 
was  considered  a  relevant  tumor  model.  We  show  that  although  all  HiplnuWnul1  mice 
developed  prostatic  hyperplastic  lesions  in  response  to  expression  of  T  antigen,  the 
development  of  bona  fide  tumors  was  significantly  diminished  compared  to  TRAMP 
mice  with  normal  levels  of  HIP  1 . 

Although  the  absence  of  HIP  1  leads  to  testicular  degeneration,  it  should  be  noted 
that  the  prostate  glands  from  Hipl  knockout  mice  are  normal  histologically  and  serum 
testosterone  levels  are  within  normal  limits  (15,17).  This  makes  it  unlikely  that  the  effect 
of  HIP  1  deficiency  on  tumor  development  in  this  model  is  merely  secondary  to 
differences  in  the  levels  of  testosterone  or  abnormalities  in  adult  prostate  epithelial  cell 
maintenance.  It  should  also  be  noted  that  the  use  of  SV40  T  antigen  to  induce  prostate 


16 


cancer  is,  in  many  ways,  artificial  in  that  T  antigen  does  not  appear  to  have  a  role  in 
human  prostate  cancer.  However,  since  HIP1  is  overexpressed  in  TRAMP  tumors,  as  it 
is  in  human  tumors,  and  since  T  antigen  does  inhibit  the  human  tumor  suppressor  gene 
products  p53  and  Rb,  this  model  has  significant  validity  for  the  purposes  of  initial  studies 
of  HIPl’s  in  vivo  role  in  cancer  biology. 

It  will  be  important  to  better  understand  the  mechanism  of  how  HIP1  could 
participate  in  the  development  of  prostate  cancer  in  humans.  Previous  work  has  shown 
that  the  HIP1  family  of  proteins  is  involved  in  the  modulation  of  a  variety  of  receptors 
such  as  the  glutamate  receptor  (21),  the  EGFR  and  PDGFpR  (22)  and  transferrin  receptor 
(25).  This  modulation  of  receptors  leads  to  an  increased  survival  and  transformation  of 
cells  when  HIP1  is  overexpressed  (12,13).  Although  a  direct  regulatory  effect  of  HIP1 
on  clathrin  trafficking  in  prostate  cancer  remains  to  be  shown,  HIP1  could  modulate 
signals  from  the  EGFR  and  PDGFpR  in  prostate  cancer  as  these  receptors  are  clearly 
regulated  by  the  clathrin  trafficking  network  and  are  altered  in  prostate  cancer. 
Determination  if  HIP  1  can  modulate  other  types  of  receptors  that  are  not  regulated  by 
clathrin  mediated  endocytosis  but  are  involved  in  prostate  cancer,  such  as  the  steroid 
hormone  receptors  (e.g.  androgen  receptor),  will  be  important  future  experiments. 

In  addition  to  testing  for  HIP1  necessity  in  prostatic  carcinogenesis,  the  previous 
observation  of  HIP1  overexpression  in  tumors  of  TRAMP  mice  (12)  prompted  us  to  test 
if  HIP  1  could  be  detected  in  the  serum  of  these  mice.  As  expected  for  a  cytoplasmic 
protein,  we  found  that  the  circulating  HIP1  antigen  levels  are  low  and  therefore  difficult 
to  detect.  However,  we  did  find  that  TRAMP  mice  developed  early  and  sustained  levels 
of  antibodies  against  HIP1  when  measuring  longitudinal  samples.  Interestingly,  the  T 


17 


antigen  negative  control  mice  also  had  samples  of  sera  that  tested  positive  randomly. 
However,  sustained  presence  of  anti-HIPl  antibodies  were  never  observed  in  the  control 
mice. 

This  led  us  to  test  if  a  humoral  response  to  HIP1  could  occur  in  humans  with 
prostate  cancer.  The  goal  would  be  to  find  a  novel  blood  test  to  substitute  for  or  to 
complement  the  PSA  test.  Indeed,  the  test  we  describe  herein  for  autoantibodies  to  HIP1 
in  prostate  cancer  has  a  relatively  high  specificity  and  improves  the  specificity  of  the  PSA 
and  AMACR  tests,  making  it  an  attractive  serum  marker.  Since  were  able  to  show  a 
sustained  humoral  response  in  TRAMP  mice,  we  predict  that  future  studies  that  are 
designed  for  prospective  serial  testing  of  humans  for  HIP1  antibodies  will  shown  an 
increase  in  the  anti-HIPl  test’s  sensitivity  and  specificity.  Since  prostate  cancer  is  such  a 
common  cancer,  markers  with  a  greater  specificity  rather  than  sensitivity  are  needed  to 
reduce  unnecessary  prostate  biopsies  or  other  invasive  tests.  For  example,  mis-diagnosis 
with  the  PSA  test  may  account  for  more  than  30%  of  positive  tests  in  a  screened  male 
population  over  the  age  of  55  {24),  making  reliance  on  the  PSA  test  alone  problematic. 
Finally,  it  is  unlikely  that  any  single  marker  for  prostate  cancer  will  have  the  desired  high 
specificity  and  sensitivity,  making  it  important  to  develop  a  collection  of  markers,  which 
in  combination  could  lead  to  accurate  prostate  cancer  detection  and  prognosis. 

The  increase  in  frequency  of  antibodies  to  HIP1  in  prostate  cancer  compared  to 
age-matched  controls,  together  with  the  fact  that  we  had  previously  found  that  HIP1  is 
overexpressed  in  many  different  epithelial  cancers  (12),  will  prompt  us  to  investigate  the 
potential  for  a  specific  humoral  response  in  other  cancers.  This  could  also  be  a  source  of 
error  in  reducing  the  specificity  of  the  HIP1  blood  test  for  prostate  cancer  in  our  current 
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control  group,  as  the  men  could  have  had  other  occult  or  non-occult  malignancies.  In 
fact,  a  specific  humoral  response  to  HIP  1 -related,  the  only  known  mammalian  relative  of 
HIP1,  has  been  reported  to  occur  in  colon  cancer  (25). 

In  conclusion,  we  have  explored  the  role  of  HIP  1  in  in  vivo  tumorigenesis  using 
the  prostate  cancer  prone  TRAMP  mice  and  Hipl  knockout  mice.  Our  data  indicate  that 
HIP l  may  be  necessary  for  tumorigenesis  and  that  both  mice  and  men  with  prostate 
cancer  have  autoantibodies  to  HIP1  in  their  serum.  These  data  provide  groundwork  for 
further  investigation  into  the  functional  involvement  of  HIP  1  in  other  cancers  and  as  a 
specific  marker  (especially  in  combination  with  AMACR)  for  other  cancers.  These  data 
also  pave  the  way  for  further  prospective,  longitudinal  and  multi-institutional  studies  of 
how  to  best  use  the  HIP1  western  blot  and  ELISA  tests  for  improved  care  of  patients  with 
prostate  cancer. 
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Table  1:  Clinical  data  for  prostate  cancer  patients  used  in  study 


Characteristic  Value 


Mean  age  (y)  ±  SD* 

59.0  ±8.0 

Mean  gland  size  (cm)  ±  SD# 

1.6  ±  1.5 

Mean  gland  weight  (g)  ±  SD® 

53.6  ±51.8 

PSA& 

Mean  (ng/mL)  ±  SD 

7.5  ±5.9 

<4  ng/mL  (%) 

23.3 

4-10  ng/mL  (%) 

55.5 

>10  ng/mL  (%) 

21.1 

Biochemical  recurrence  (%) 

10.0 

Gleason  grade  <  6  (%)& 

38.9 

Gleason  grade  >  7  (%)& 

60.1 

*Data  were  available  for  91  patients  only.  SD  =  standard  deviation. 

#Data  available  for  89  patients. 

®Data  available  for  97  patients 

&Data  available  for  90  patients 

Table  2:  Comparison  of  diagnostic  tests  and  their  combinations  for  all  prostate 

cancer  and  control  samples 

Test 

Specificity 

Sensitivity 

HIP1  ELISA  positive* 

73% 

46% 

HIP1  western  positive+ 

73% 

46% 

HIP1  ELISA  +  HIP1  western  positiveA 

88% 

24% 

HIP1  ELISA  or  HIP1  western  positive+ 

56% 

69% 

AMACR  positive+ 

67% 

64% 

AMACR  positive  +  HIP1  ELISA  or  HIP1  western  positive+ 

86% 

50% 

PSA  positive  (>  4  ng/mL)+ 

75% 

77% 

PSA  positive  +  HIP1  ELISA  or  HIP1  western  positive+ 

91  % 

66% 

There  were  a  total  of  97  prostate  cancer  and  21 1  control  sera.  Not  all  of  these  308  sera,  except  for 
the  HIP1  western,  were  assayed  for  every  test  listed.  HIP1  ELISA  values  were  available  from  81  of  the 
prostate  cancer  patients  and  186  controls.  AMACR  western  values  were  available  for  77  prostate  cancer 
patients  and  126  controls.  PSA  values  were  available  for  90  prostate  cancer  patients  and  117  controls. 

The  increased  frequency  of  a  positive  test  in  prostate  cancer  patients  compared  to  controls  was 

statistically  different  in  all  cases:  *p<  0.01,  +p<  0.001  and  A  p<  0.025 
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Table  3:  Comparison  of  diagnostic  tests  and  their  combinations  for  all  prostate 
cancer  and  control  samples  with  PSA  values  >  4  ng/mL 


Test _ Specificity  Sensitivity 


HIP1  ELISA  positiveA 

76% 

49% 

HIP1  western  positive* 

82% 

54% 

HIP1  ELISA  +  HIP1  western  positiveA 

93% 

28% 

HIP1  ELISA  orHIPl  western  positive+ 

64% 

88% 

AMACR  positive+ 

83% 

64% 

AMACR  positive  +  HIP1  ELISA  or  HIP1  western  positive+ 

97  % 

55% 

There  were  68  prostate  cancer  and  29  control  sera  that  met  the  criterion  of  PSA  greater  than  4 
ng/ml.  Nine  of  the  68  prostate  cancer  patient  sera  were  not  available  to  test  for  HIP1  ELISA  and  AMACR 
western. 


The  increased  frequency  of  a  positive  test  in  prostate  cancer  patients  compared  to  controls  was 
statistically  different  in  all  cases:  *p<  0.01,  +p<  0.001  and  A  p<  0.025 
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Legends 

Figure  1.  HIP1  deficiency  impairs  tumorigenesis  in  the  TRAMP  model  of  prostate 
cancer,  (a)  Grossly  evident  tumors  were  scored  during  necropsy  of  TRAMP////p/+ 

(n=16)  and  TRAMP/ Hip lnuH,nM  (n=8)  littermate  mice.  Observations  were  recorded  as 
either  no  obvious  tumor,  gross  tumor  of  approximately  1-10  mm  in  diameter  or  large 
tumor  measuring  more  than  10  mm.  Most  TRAMP/i7/p7nun/nuU  mice  had  grossly  normal 
prostates  (6/8)  compared  to  the  TRAMP/7//p7+/+  mice  (3/16)  (75%  versus  18.8%, 
respectively).  There  were  no  tumors  greater  than  10  mm  in  the  absence  of  HIP  1 
compared  to  7  out  of  16  in  the  presence  of  HIP1 .  The  numbers  of  mice  in  each 
observation  are  bracketed  above  the  bars.  ( b )  Histologic  analysis  of  prostate  tissue  from 
a  second  cohort  of  TRAMP  mice  at  6.5  months  of  age.  6  prostate  samples  were  derived 
from  Hipl  null  prostates  and  8  prostates  samples  were  derived  from  Hipl  wild  type 
littermates.  Serial  sections  of  the  prostates  were  prepared  for  H&E  staining.  These  slides 
were  then  scored  for  the  presence  of  hyperplasia,  adenoma  or  invasive  carcinoma  within 
the  prostate(  1 8).  Eighty  three  percent  (5/6)  of  the  HiplmWm"  mice  had  only  hyperplasia  in 
the  prostate  tissue.  All  of  the  TRAMP IHipl*l+  mice  were  found  to  have  multiple  foci  of 
either  adenoma  (75%)  or  invasive  carcinoma  (25%),  as  expected. 

Figure  2.  Humoral  immune  response  to  HIP1  in  TRAMP  mice,  (a)  Purification  of 
recombinant  3’HIPl  protein  was  achieved  in  three  steps  as  described  in  the  methods. 
Lane  1  contains  40  |lg  of  protein  from  an  IPTG  induced  bacterial  extract  that  was  bound 
to  and  then  eluted  with  glutathione  from  glutathione  sepharose.  Lane  2  is  the  partially 
purified  thrombin  treated  extract.  The  released  GST  (lower  arrow)  and  the  HIP1  portion 
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of  the  recombinant  protein  (upper  arrow)  were  visualized  with  Coomassie  blue  stain. 

Lane  3  shows  5  pig  of  the  final  “purified”  recombinant  3'HIP1  protein  that  was  used  for 
assays  of  a  humoral  response.  This  purified  recombinant  HIP1  was  recognized  by  two 
different  previously  described  (12)  anti-HIPl  monoclonal  antibodies  (HIP1/4B10  and 
HIP1/1B1 1)  as  shown  in  the  western  blot  of  200  ng  of  antigen  (right  hand  panel),  (b) 
Antibodies  to  HIP1  in  TRAMP  mice.  A  group  of  22  TRAMP  and  14  T  antigen  negative 
control  mice  between  the  ages  of  2-4  months,  had  blood  samples  drawn  every  two  weeks 
and  sera  prepared  to  test  for  when  and  if  a  humoral  response  to  HIP1  might  develop. 

This  representative  blot  shows  a  control,  T  antigen  negative  mouse  (upper  panel)  and  a 
TRAMP  mouse  (lower  panel).  The  first  two  lanes  are  reference  positive 
(TRAMP/////;/ 1/1  mouse  sera  found  to  be  positive  in  the  original  screen)  and  negative 
(. HipT A  mouse  sera)  controls  allowing  for  comparisons  of  HIP  1  reactivity  between 
immunoblots.  Over  16  weeks  beginning  at  age  2.5  months  (lanes  1-8)  serial  serum 
analysis  demonstrated  that  by  3  months  of  age  a  sustained  immune  response  to  HIP1  in 
the  TRAMP  mice  occurred  and  then  increased  significantly  by  5  months  of  age.  It  should 
be  noted  that  sera  from  T  antigen  negative  control  mice  would  at  times  test  positive  but 
did  not  display  sustained  positive  tests. 

Figure  3.  Prostate  cancer  patients  have  a  specific  humoral  response  to  HIP1 
overexpression,  (a)  Representative  immunoblot  of  46  sera  assayed  for  reactivity  to 
recombinant  HIP1.  Twenty  three  of  the  97  biopsy-proven  prostate  cancer  patients  and  23 
of  the  21 1  control  individuals  are  shown  here.  Equal  aliquots  of  all  of  the  308  serum 
samples  were  analyzed  by  immunoblot  in  at  least  two  independent  experiments  and 
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contained  reference  positive  and  negative  controls  as  shown  in  the  1 st  and  2nd  lanes 
respectively;  (b)  The  bands  were  scanned  from  the  developed  blots  and  converted  to 
grayscale  values  using  Adobe  Photoshop.  The  normalized  grayscale  values  were 
converted  to  percentage  of  the  positive  control  (first  lane  of  both  blots).  Samples  with 
band  intensity  greater  than  or  equal  to  50%  of  the  positive  control  were  given  a  positive 
score  and  fell  above  the  dotted  line.  A  negative  score  was  given  to  samples  lower  than 
50%  of  positive  control  (below  the  dotted  line),  (c)  The  distribution  of  the  values 
between  prostate  cancer  and  the  control  individuals  was  significantly  different  (p<0.001 , 
Pearson’s  chi-square  test).  Specificity  of  the  test  was  73  %  and  calculated  as  those 
control  samples  with  a  negative  test  (153/153  +58)  and  sensitivity  was  46%  and 
calculated  as  the  percent  of  patient  samples  with  a  positive  test  (45/45+52). 

Figure  4:  Detection  of  HIP1  humoral  response  in  human  prostate  cancer  patients  by 
ELISA,  (a)  The  average  (4  replicates)  relative  absorbencies  (ELISA  values)  and  their 
standard  deviations  are  shown  for  81  prostate  cancer  patient  and  81  control  sera.  A 
relative  absorbance  greater  than  1 .0  located  above  the  dotted  line  was  considered 
positive,  (b)  The  numbers  of  positive  prostate  cancer  and  age-matched  control  sera  are 
shown.  The  specificity  of  this  test  was  73%  and  the  sensitivity  was  46%.  The  difference 
between  prostate  cancer  patients  and  controls  was  significant  (p<0.01,  Pearson’s  chi- 
square). 
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Figure  1 
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*  The  frequency  of  a  positive  test  in  prostate  cancer  patients  was  statistically  different  than  in  control 
patients  (p  <  0.001,  Specificity  (73%),  Sensitivity  (46%  )) 
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*  The  frequency  of  a  positive  test  in  prostate  cancer  patients  was  statistically  different  than  in  control 
patients  (p  <  0.01,  Specificity  (73%),  Sensitivity  (46%)) 
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Huntingtin-interacting  protein  1-related  (HIPIr)  is 
the  only  known  mammalian  relative  of  huntingtin-inter¬ 
acting  protein  1  (HIP1),  a  protein  that  transforms  fibro¬ 
blasts  via  undefined  mechanisms.  Here  we  demonstrate 
that  both  HIPIr  and  HIP1  bind  inositol  lipids  via  their 
epsin  N-terminal  homology  (ENTH)  domains.  In  contrast 
to  other  ENTH  domain-containing  proteins,  lipid  bind¬ 
ing  is  preferential  to  the  3-phosphate-containing  inosi¬ 
tol  lipids,  phosphatidylinositol  3,4-bisphosphate  and 
phosphatidylinositol  3,5-bisphosphate.  Furthermore, 
the  HIPIr  ENTH  domain,  like  that  of  HIP1,  is  necessary 
for  lipid  binding,  and  expression  of  an  ENTH  domain- 
deletion  mutant,  HIPlr/AE,  induces  apoptosis.  Consist¬ 
ent  with  the  ability  of  HIPIr  and  HIP1  to  affect  cell 
survival,  full-length  HIP1  and  HIPIr  stabilize  pools  of 
growth  factor  receptors  by  prolonging  their  half-life  fol¬ 
lowing  ligand-induced  endoeytosis.  Although  HIPIr  and 
HIP1  display  only  a  partially  overlapping  pattern  of 
protein  interactions,  these  data  suggest  that  both  pro¬ 
teins  share  a  functional  homology  by  binding  3-phos- 
phorylated  inositol  lipids  and  stabilizing  receptor  tyro¬ 
sine  kinases  in  a  fashion  that  may  contribute  to  their 
ability  to  alter  cell  growth  and  survival. 


Huntingtin-interacting  protein  1-related  (HIPIr)1  is  a  clath- 
rin-binding  protein  that  is  the  only  known  mammalian  relative 
of  huntingtin-interacting  protein  1  (HIP1)  (1),  a  protein  that 
transforms  fibroblasts  via  undefined  mechanisms  (2).  HIP1  is 
also  part  of  a  t(5;7)  chromosomal  translocation  that  results  in 
expression  of  an  oncogenic  HIP1/PDGF/3R  fusion  protein  that 
causes  myelomonocytic  leukemia  (3).  Furthermore,  HIP1  is 
overexpressed  in  multiple  primary  epithelial  tumors,  and  over¬ 
expression  in  prostate  tumors  predicts  progression  of  prostate 
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cancer  (4).  The  transformation  of  fibroblasts  by  HIP1  is  asso¬ 
ciated  with  altered  levels  of  growth  factor  receptors  (2). 

The  mechanism  by  which  HIP1  overexpression  alters  growth 
factor  receptor  levels  may  be  a  result  of  its  role  in  trafficking  of 
growth  factor  receptors.  HIP1  and  HIPIr  each  contain  a  clath- 
rin  light  chain-binding  coiled-coil  region  (5),  a  leucine  zipper, 
and  a  C-terminal  TALIN  homology  domain.  TALIN  is  a  protein 
that  binds  actin  and  is  involved  in  cell-substratum  interactions 
(6).  In  addition,  HIP!  and  HIPIr  contain  epsin  N-terminal 
homology  (ENTH)  domains.  This  domain  in  epsin  and  AP180 
predominantly  binds  to  phosphatidylinositol  4,5-bisphosphate 
(PtdIns(4,5)P2)  and  is  important  in  regulating  clathrin-medi- 
ated  endoeytosis  (7,  8).  HIP1  and  HIPIr  both  have  a  punctate 
immunolocalization  and  co-localize  partially  with  clathrin, 
AP-2,  and  endocytosed  transferrin  (9-13). 

Thus,  structural  and  functional  data  suggest  that  HIP1  and 
HIPIr  are  involved  in  vesicle  trafficking  either  at  the  plasma 
membrane,  during  sorting  of  vesicles,  or  at  the  frcms-Golgi 
network.  Unlike  HIP1,  HIPIr  has  lower  affinity  for  clathrin, 
does  not  bind  a-adaptin  (5),  does  not  bind  huntingtin  directly, 
and  does  bind  actin  via  its  TALIN  homology  domain  (9).  HIP1 
homologues  have  been  found  in  yeast  (14)  and  Caenorhabditis 
elegans  (15).  Sla2p,  the  yeast  homologue  of  HIP1  and  HIPIr,  is 
required  for  endoeytosis,  polarization  of  the  cortical  actin  cy- 
toskeleton,  and  growth  (14). 

We  are  interested  in  gaining  a  better  understanding  of  what 
activities  HIP1  and  HIPIr  might  perform  to  affect  tumorigen- 
esis.  Although  the  weight  of  evidence  suggests  that  HIP  pro¬ 
teins  function  in  endoeytosis,  it  is  unclear  how  HIP1  and  HIPIr 
might  use  clathrin-mediated  trafficking  to  alter  survival  or 
growth  of  cells.  One  hypothesis  suggested  by  our  studies  of 
HIP1  and  transformation  is  that  altered  HIP1  expression  may 
be  a  way  to  regulate  growth  factor  receptor  density  and  signal¬ 
ing  and,  as  a  result,  affect  cellular  growth,  death,  and  differ¬ 
entiation  of  cells  (2).  Along  this  line,  one  mechanism  by  which 
transformed  cells  escape  the  requirement  for  growth  factors  is 
to  increase  the  activation  of  receptor  tyrosine  kinase  signaling 
pathways  (16,  17).  Cells  may  compensate  for  decreased 
amounts  of  growth  factors  in  the  environment  by  elevating 
growth  factor  receptor  levels.  Another  hypothesis  derived  from 
previous  work  studying  ENTH  domains  (7,  8)  is  that  the  ENTH 
domains  of  HIP1  and  HIPIr  may  be  involved  in  regulating 
their  roles  in  growth  factor  receptor  endoeytosis  and  thereby 
could  be  critical  in  their  ability  to  promote  cell  growth  or 
survival. 

To  test  if  there  is  a  link  between  HIP  expression,  growth 
factor  receptor  signaling,  and  the  role  of  the  ENTH  domains, 
we  describe  the  generation  of  HIPIr  constructs  analogous  to 
those  generated  previously  for  HIP1  (4).  These  mutants  lack 
each  of  the  HIPl/HIPlr  shared  domains,  and  their  effects  on 
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cell  survival  and  growth  factor  receptor  signaling  were  tested. 
Full-length  HIPIr  had  no  transient  effects  on  cell  survival,  but 
expression  of  a  mutant  lacking  the  ENTH  domain,  HIPlr/AE, 
led  to  apoptosis  when  transfected  into  cells.  In  addition,  the 
lipid  binding  characteristics  mediated  by  the  ENTH  domains  of 
both  HIP1  and  HIPIr  were  analyzed.  To  our  surprise  we  found 
that,  in  contrast  to  other  ENTH  domain-containing  proteins 
which  bind  PtdIns(4,5)P2,  HIP1  and  HIPIr  bound  preferen¬ 
tially  to  3-phosphoinositides.  We  also  found  that  overexpres¬ 
sion  of  HIP1  and  HIPIr  inhibited  the  degradation  of  ligand- 
stimulated  growth  factor  receptors.  Consistent  with  the  results 
obtained  using  stable  HIPl-transformed  fibroblasts  (2),  tran¬ 
sient  transfection  of  either  HIP1  or  HIPIr  into  293T  cells 
stabilized  pools  of  either  EGFR  or  PDGF/3R  following  ligand- 
induced  endocytosis.  In  contrast,  transfection  of  the  HIP1  and 
HIPIr  mutants  lacking  the  ENTH  domains  did  not  stabilize 
growth  factor  receptors.  By  using  a  dynamin  dominant  nega¬ 
tive  mutant,  rate-limiting  activities  of  HIP1  and  HIPIr  were 
placed  downstream  of  dynamin. 

In  light  of  these  data,  we  propose  that  both  HIPIr  and  HIP1 
may  stabilize  growth  factor  receptor  levels  via  altered  intracel¬ 
lular  trafficking.  The  finding  that  HIP  proteins  can  function 
downstream  of  dynamin  together  with  the  fact  that  the  inositol 
lipids  that  bind  the  HIP  ENTH  domains  are  concentrated  on 
intracellular  vesicular  membranes  suggest  that  the  HIP  pro¬ 
teins  modulate  the  intracellular  trafficking  of  receptors.  This  is 
in  addition  to  a  role  described  previously  in  clathrin  vesicle 
formation  at  the  plasma  membrane.  Our  data  suggest  that  the 
HIP  proteins  are  either  not  rate-limiting  in  the  kinetics  of  the 
internalization  phase  of  endocytosis  or  under  certain  cellular 
conditions  do  not  participate  in  the  receptor  uptake  phase  of 
the  clathrin  trafficking  pathway. 

MATERIALS  AND  METHODS 

HIPIr  Constructs — Full-length  human  HIPIr  (NCBI  accession  num¬ 
ber  KIAA0655,  amino  acids  1-1069)  was  retrieved  from  a  fetal  cDNA 
library  by  PCR  and  cloned  into  the  mammalian  expression  vectors 
pcDNA3  (pcDNA3-HIPlr)  or  pcDNA3.1-mycHis  (pcDNA3.1-HIPlr)  (In- 
vitrogen).  Deletion  constructs  were  made  with  a  combination  of  PCR 
and  restriction  digests  using  standard  methods.  For  pcDNA3.1-HIPlr/ 
TH,  the  TALIN  homology  region  of  HIPIr  was  generated  by  PCR  and 
cloned  into  pcDNA3.1-mycHis  by  PCR.  Primers  5'-ACC  AGC  AGG  GAA 
TTC  GGA  ACA  TGG  AGG  CCA  GCC-3'  (underlined  sequence  denotes 
engineered  EcoRI  site)  and  5'-GCT  GGA  CCC  CTG  GGG  GAA  GCT 
TTA  GTT  CAC  GA-3'  (underlined  sequence  denotes  engineered  Hindlll 
site)  were  used.  PCR  was  performed  with  full-length  HIPIr  as  template 
using  the  Expand  High  Fidelity  PCR  system  (Roche  Applied  Science). 
PCR  products  and  the  pcDNA3.1  vector  were  digested  with  EcoRI  and 
Hindlll,  ligated  together,  and  confirmed  by  automated  sequencing. 
Human  HIPIr  contains  a  BamHI  restriction  site  at  base  pair  position 
2513  (Fig.  1A).  pcDNA3-HIPlr  was  digested  with  EcoRI  and  BamHI  to 
release  the  5'  portion  of  HIPIr  and  inserted  into  EcoRI  and  BamHI 
digested  pcDNA3.1-HIPlr/TH  to  generate  pcDNA3. 1-HIPlr.  pcDNA3- 
HlPlr  has  an  EcoRI  site  in  the  multicloning  site  and  an  internal  BamHI 
in  the  HIPIr  insert.  The  EcoRI-  and  BamHI-digested  fragment  was 
inserted  into  the  EcoRI  and  BamHI  sites  in  the  pcDNA3.1  vector  to 
generate  pcDNA3.1-HIPlr/ATH.  To  generate  pcDNA3.1-HIPlr/AE, 
pGEX-HIPlr/AE  (see  below)  was  digested  with  EcoRI  and  BamHI.  This 
fragment  was  ligated  into  the  EcoRI-  and  BamHI-digested  portion  of 
pcDNA3.1-HIPlr  (containing  the  vector  and  the  3'  end  of  HIPIr).  To 
generate  pcDNA3.1-HIPlr/AEAT,  the  EcoRI-BamHI  fragment  from 
pGEX-HIPlr/AE  was  ligated  into  EcoRI-  and  BamHI-digested 
pcDNA3.1.  Human  HIPIr  contains  three  internal  KspI  restriction  sites 
(Fig.  1A).  To  generate  pcDNA3.1-HIPlr/A153,  pcDNA3.1-HIPlr  was 
digested  with  KspI  and  the  5'  and  3'  ends  ligated  together  to  produce  a 
construct  whose  product  lacks  amino  acids  153-632  of  HIPIr. 

pGEX-HIPlr  was  prepared  by  ligation  of  an  EcoRI-XhoI  fragment 
from  the  pcDNA3-HEPlr  construct,  containing  human  FL-HIPlr,  into 
EcoRI-  +  Xhol-digested  pGEX-4T3  (Amersham  Biosciences). 

To  create  pGEX-HIPlr/AE,  pGEX-4T-3  was  digested  first  with  Smal. 
A  plasmid  containing  the  HIPIr  coding  sequences  (designated 
pKIAA0655  and  kindly  provided  by  the  Kazusa  DNA  Research  Insti¬ 


tute)  was  then  digested  with  Hindlll  and  BamHI  to  release  a  1.9-kb 
sequence  that  encoded  nucleotides  610-2513.  This  fragment  was 
blunted  with  Klenow  and  then  ligated  with  the  Smal-digested  pGEX- 
4T-3.  The  latter  plasmid,  pGEX/HIPlr/nt610-2513,  was  digested  with 
Xhol,  filled  in  with  Klenow,  and  then  digested  with  Sail.  The  vector 
sequences  plus  the  5'  HIPIr  sequences  starting  at  bp  610  (up  to  the  Sail 
site)  were  ligated  with  a  1.1-kb  Sall-SspI  fragment  (HIPIr  bp  2500- 
3541)  also  derived  from  pKIAA0655.  The  resultant  construct  pGEX/ 
HIPlr/AE  was  confirmed  at  its  junctions  by  automated  sequencing. 

To  create  pGEX-HIPlr/ENTH,  a  PCR  product  encompassing  the  first 
450  bp  of  human  HIPIr  with  engineered  Xhol  and  Notl  restriction  sites 
at  the  5'  and  3'  ends,  respectively,  was  generated.  The  PCR  product  and 
the  pGEX-4T3  vector  were  digested  with  Xhol  and  Notl  and  ligated 
together.  Constructs  were  confirmed  by  automated  sequencing.  For 
construction  of  PGEX-HIPlr/LZ,  a  323-bp  PCR  product  encompassing 
bp  1437-1760  of  human  HIPIr  was  generated  with  engineered  EcoRI 
and  Xhol  restriction  sites  at  the  5'  and  3'  ends,  respectively.  The 
digested  PCR  product  was  cloned  into  EcoRI-  and  Xhol-digested  pGEX- 
4T3  and  confirmed  by  sequencing.  pGEX  HIPIr  constructs  were  trans¬ 
fected  into  BL21  bacteria,  and  proteins  were  isolated  by  bacterial  GST 
fusion  protein  purification  using  a  glutathione-Sepharose  4B  column 
(Amersham  Biosciences)  according  to  the  manufacturer’s  instructions. 
Following  purification,  the  protein  samples  were  dialyzed  against  phos¬ 
phate-buffered  saline  and  concentrated.  When  used  to  make  antibodies, 
the  GST  portion  was  cleaved  off  with  thrombin. 

pcDNA3.1(— )/dynaminl-K44A-HA  was  the  kind  gift  of  Dr.  Sandra 
Schmid  (University  of  California,  San  Diego).  pcDNA3.1(+)/IRES-GFP 
was  the  kind  gift  of  Dr.  Kathleen  Collins  (University  of  Michigan). 
Mutant  dynaminl  was  subcloned  into  the  IRES-GFP  vector  utilizing 
BamHI  sites  flanking  the  entire  insert.  Full-length  HIP1  and  HIP1/AE 
were  subcloned  into  the  pcDNA3.1(+)/IRES-GFP  vector  from  the 
pcDNA3  constructs  described  previously  (4). 

HIPIr  Antibodies — The  polyclonal  anti-HIPlr  antibody  UM  359  was 
generated  using  pGEX-HIPlr/AE  as  the  antigen  (Cocalico  Biologicals, 
Inc.,  Reamstown,  PA).  pGEX-HIPlr/TH  was  used  as  the  antigen  for 
polyclonal  antibody  UM  374.  The  monoclonal  antibodies  1E1,  1E5,  and 
1C5  were  made  by  the  University  of  Michigan  Hybridoma  Core  Facility 
using  pGEX-HIPlr/TH  or  pGEX-HIPlr/LZ  as  the  antigen.  All  antibod¬ 
ies  were  screened  by  enzyme-linked  immunosorbent  assay,  immunoflu¬ 
orescence,  and  Western  blot. 

Immunoprecipitation  and  Western  Blotting — 293T  cells  in  100-mm 
dishes  were  transfected  with  2.5  pg  of  the  various  HIP1  or  HIPIr 
constructs  using  90  pi  of  Superfect  transfection  reagent  (Invitrogen) 
according  to  manufacturer’s  directions.  Cells  were  harvested  48  h  later 
and  resuspended  in  lysis  buffer  containing  1%  Triton  X-100  and  prote¬ 
ase  inhibitors.  Protein  concentrations  were  determined  using  the  Brad¬ 
ford  reagent  (Bio-Rad).  For  immunoprecipitations,  2-3.5  mg  of  protein 
were  mixed  with  20  pi  of  the  polyclonal  HIPIr  antibody  UM359  and 
incubated  at  4  °C  overnight.  Fifty  microliters  of  protein  G-Sepharose 
beads  (50%  slurry)  were  added,  and  the  mixture  was  rotated  at  room 
temperature  for  30  min.  Beads  were  pelleted,  washed  3-6  times  in  lysis 
buffer,  and  resuspended  in  SDS-PAGE  loading  buffer.  One-tenth  of  the 
supernatants  and  the  entire  pellet  from  the  immunoprecipitations  were 
run  on  SDS-PAGE  gels.  Samples  were  run  on  6-8%  SDS-PAGE  gels 
and  transferred  to  nitrocellulose.  Membranes  were  blocked  in  5%  milk/ 
TBST  and  incubated  at  4  °C  overnight  with  anti-clathrin  (TD.l,  1:200), 
anti-adaptin  y  (BD  Transduction  Laboratories,  clone  88,  1:1000),  or 
anti-adaptin  a  (Sigma,  clone  100/2,  1:500),  and  signals  were  detected 
using  ECL.  Membranes  were  then  overblotted  with  the  HIPIr  antibod¬ 
ies  1E1  +  1E5  (1:20  dilution  of  tissue  culture  supernatant)  or  UM359 
(1:2000  dilution  of  serum). 

Lipid  Binding — PIP  arrays  were  obtained  from  Echelon.  Lipid  bind¬ 
ing  was  done  following  the  manufacturer’s  protocol  by  using  12.5  pg  of 
isolated  protein  in  TBST  at  4  °C  overnight.  HIPIr  mutants  were  de¬ 
tected  using  a  mixture  of  the  monoclonal  1E1  and  1C5  antibodies  at 
1:5000  in  TBST.  Anti-mouse  secondary  antibodies  (Amersham  Bio¬ 
sciences)  were  used  at  1:5000  in  TBST,  3%  fatty  acid-free  bovine  serum 
albumin.  Liposomes  contained  40%  phosphatidylethanolamine,  40% 
phosphatidylcholine,  10%  phosphatidylserine,  and  10%  of  one  of  the 
following:  phosphatidylinositol  (Ptdlns),  phosphatidic  acid,  PtdIns(3)P, 
PtdIns(4)P,  PtdIns(5)P,  PtdIns(3,4)P2,  PtdIns(3,5)P2,  PtdIns(4,5)P2,  or 
PtdIns(3,4,5)P3.  The  mixture  was  resuspended  in  1:1  chloroform/meth¬ 
anol  containing  0.1%  HC1,  dried  under  nitrogen,  and  resuspended  to  a 
final  concentration  of  0.5  mg/ml  in  50  mM  Hepes  (pH  7.2),  100  mM  NaCl, 
and  0.5  mM  EDTA.  Resuspended  lipids  were  sonicated  in  a  bath  soni- 
cator  (45  °C)  until  a  clear  suspension  was  formed.  Liposomes  were 
collected  by  centrifugation  at  16,000  X  g  for  10  min  and  resuspended  in 
ice-cold  cytosol  buffer  (0.2  M  sucrose,  25  mM  Hepes  (pH  7.0),  125  mM 
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potassium  acetate,  2.5  mM  magnesium  acetate,  1  mM  dithiothreitol, 
protease  inhibitors,  and  0.1  mg/ml  bovine  serum  albumin)  at  2  mg/ml  of 
total  lipid.  100  pg  of  liposomes  were  mixed  with  isolated  protein  at  4  °C 
for  1  h  and  precipitated  for  5  min  at  16,000  x  g.  Pellets  and  one-fifth  of 
the  supernatants  were  run  on  7%  SDS-PAGE  gels.  Gels  were  trans¬ 
ferred  to  nitrocellulose  and  analyzed  by  Western  blotting  for  HIP1  or 
HIPIr. 

Time  Course  of  HIPIr  Construct  Expression — 293T  cells  in  100-mm 
plates  were  transfected  with  2.5  /xg  of  the  various  pcDNA3.1-HIPlr 
constructs  using  Superfect  transfection  reagent.  Cells  were  collected 
into  lysis  buffer  at  1,  2,  4,  and  7  days  post-transfection.  Fifty  pg  of 
protein  was  run  on  10  or  15%  SDS-PAGE  gels  and  transferred  to 
nitrocellulose.  Membranes  were  blotted  with  anti-HIPlr  polyclonal  an¬ 
tibody  (UM  359,  1:5000)  and  signals  detected  by  ECL. 

Apoptosis  Assays — COS  7  cells  were  transfected  with  pcDNA3.1- 
HlPlr,  pcDNA3.1-HIPlr/AE,  or  pcDNA3-HIPl/AE  and  fixed  with  3% 
formaldehyde  at  24  and  48  h  post-transfection.  Cells  were  permeabi- 
lized  with  0.1%  Triton  X-100  and  blocked  with  1%  milk  for  20  min, 
followed  by  staining  with  DAPI  and  anti-HIPl  monoclonal  antibody 
4B10  or  anti-HIPlr  monoclonal  antibody  1C5.  Bound  antibodies  were 
visualized  with  anti-mouse  IgG-FITC  (Vector  Laboratories).  Cells  ex¬ 
pressing  the  HIP  constructs  were  scored  for  apoptosis  by  nuclear  mor¬ 
phology.  At  least  100  cells  were  counted  for  each  sample,  and  transfec¬ 
tions  were  performed  in  triplicate. 

Growth  Factor  Transfection  and  Stimulation — For  the  EGFR  stabi¬ 
lization  experiments,  293T  cells  were  grown  to  50-60%  confluency  in 
100-mm  dishes  and  transfected  with  5  pg  of  pRK5-EGFR  (kindly  pro¬ 
vided  by  the  molecular  signaling  group  at  the  Ludwig  Institute  for 
Cancer  Research)  and  5  pg  of  either  the  various  pcDNA3.1-HIPlr 
constructs  or  pcDNA3-HIPl  using  Superfect  transfection  reagent.  One 
day  later,  cells  were  starved  for  20-24  h,  treated  with  cycloheximide 
(100  jug/ml)  for  30  min,  and  stimulated  with  EGF  (100  ng/ml)  in  the 
presence  of  cycloheximide.  Samples  were  collected  at  0,  1,  2,  and  4  h 
after  stimulation.  Fifteen  micrograms  of  protein  were  run  on  6%  SDS- 
PAGE  gels  and  transferred  to  nitrocellulose.  Membranes  were  blotted 
with  anti-phospho-EGFR  (Cell  Signaling,  Tyr-845,  1:5000),  anti-EGFR 
(Cell  Signaling,  1:2000),  anti-HIPlr  (1C5  or  UM374,  1:2000),  or  anti- 
HIPl  (4B10,  1:2000)  and  signals  detected  by  SuperSignal  West  Pico 
Chemiluminescent  Substrate  (Pierce).  Experiments  with  dominant 
negative  caspase  9  also  included  5  pg  of  pcDNA3-DNC9  (gift  of  Dr. 
Gabriel  Nunez)  or  vector  in  the  transfection.  Dominant  negative 
caspase  9  was  detected  using  anti-caspase  9  antibody  (Cayman  Chem¬ 
ical  Co.,  1:1000).  For  PDGF/3R  experiments,  5  pg  of  SR«-PDGF/3R  (18) 
were  transfected  with  either  vector,  pcDNA3.1-HIPlr,  pcDNA3.1- 
HIPlr/AE,  pcDNA3-HIPl,  or  pcDNA3-HIPl/AE.  Cells  were  starved, 
stimulated,  and  harvested  as  described.  PDGF/3R  expression  was  de¬ 
tected  using  polyclonal  anti-PDGF/3R  antibody  (BD  Pharmingen, 
1:1000). 

Immunofluorescence — COS  7  cells  were  plated  onto  coverslips  and 
transfected  with  pRK5-EGFR  and  either  vector,  pcDNA3.1-mycHis/ 
HIP1,  pcDNA3.1-HA/HIPlr,  or  pcDNA3.1-HA/DynaK44A  using  Super¬ 
fect.  The  cells  were  starved  the  next  day  for  20  h,  treated  for  30  min 
with  cycloheximide  (Sigma;  100  pg/m\)  at  37  °C,  and  stimulated  with 
EGF  (100  ng/ml)  for  0  or  30  min.  For  each  time  point,  cells  were  fixed 
with  3%  formaldehyde,  permeabilized  with  Triton  X-100,  and  blocked 
with  5%  milk/PBST.  The  primary  antibodies  used  were  anti-EGFR 
polyclonal  antibody  (Cell  Signaling),  anti-Myc  monoclonal  antibody 
(Cell  Signaling),  anti-HA  monoclonal  antibody  (Babco),  and  anti-EEAl 
antibody  (Cell  Signaling).  FITC  anti-rabbit  and  Texas  Red  anti-mouse 
(Vector  Laboratories)  were  the  secondary  antibodies  used.  Images  were 
obtained  with  a  Zeiss  confocal  microscope. 

For  localization  of  HIP1  and  HIPIr,  COS  7  cells  were  plated  onto 
coverslips,  transfected  with  pcDNA3-HIPl  and  pcDNA3.1-HIPlr,  and 
fixed  with  3%  formaldehyde  at  24  h  post-transfection.  Cells  were  per¬ 
meabilized  with  0.1%  Triton  X-100  and  blocked  with  1%  milk  for  20 
min,  followed  by  staining  with  anti-HIPl  monoclonal  antibody  4B10 
and  anti-HIPlr  polyclonal  antibody  UM359.  Bound  antibodies  were 
visualized  with  anti-mouse  IgG-FITC  or  anti-rabbit  IgG-Texas  Red 
(Vector  Laboratories).  Cells  were  analyzed  with  a  Zeiss  confocal  micro¬ 
scope  and  the  images  processed  using  Adobe  Photoshop  software. 

Flow  Cytometry — For  analysis  of  endocytic  uptake  of  endogenous 
EGFR,  HeLa  cells  were  plated  2  days  prior  to  transfection  into  6-well 
dishes  at  an  approximate  density  of  2  X  105  cells/well.  By  the  time  of 
transfection,  cells  were  60-80%  confluent.  The  constructs, 
pcDNA3 . 1( + )/IRES-GFP,  pcDNA3.1(+)/TRES-GFP/HIPl,  pcDNA3.1(+)/ 
IRES-GFP/HIP1/AE,  and  pcDNA3.1(+)/IRES-GFP/dynaminl-K44A 
were  transfected  into  HeLa  cells  (2  jxg/well  of  a  6-well  dish).  Following 
transfection,  cells  were  grown  in  medium  containing  10%  fetal  bovine 


serum  for  24  h  and  then  starved  in  serum-free  medium  for  an  addition 
20  h.  Cells  were  then  stimulated  with  EGF  for  the  times  indicated, 
trypsinized,  washed  twice  with  ice-cold  phosphate-buffered  saline  con¬ 
taining  1%  fetal  bovine  serum,  and  incubated  with  anti-EGFR  antibody 
conjugated  to  phycoerythrin  (Pharmingen)  for  60  min  with  gentle  rock¬ 
ing  at  4  °C.  Following  staining,  cells  were  washed  three  times  with 
ice-cold  phosphate-buffered  saline  and  were  subjected  to  flow  cytomet¬ 
ric  analysis  on  a  BD  Biosciences  FACS  Elite  within  4  h  after  staining, 
with  measurement  of  fluorescence  intensity  in  the  green  and  red  wave¬ 
lengths  (for  GFP  positivity  and  phycoerythrin-conjugated  anti-EGFR, 
respectively).  Distinct  populations  of  GFP-positive  and  negative  cells 
were  analyzed  for  mean  fluorescence  intensity.  For  graphical  analysis, 
the  fraction  of  fluorescence  remaining  after  stimulation  was  plotted  as 
a  percentage  of  initial  fluorescence  against  time.  For  analysis  of  trans¬ 
ferrin  uptake,  293T  cells  were  transfected  with  the  same  constructs  as 
above,  and  following  starvation,  cells  were  incubated  with  Alexa-Fluor- 
633-labeled  transferrin  as  described  previously  (2). 

RESULTS 

HIPIr  Mutants  and  Antibody  Characterization — In  order  to 
define  the  relevance  of  the  various  protein  domains  in  the 
activity  of  HIPIr,  deletion  mutants  lacking  these  domains  were 
generated  (Fig.  1A).  In  addition,  monoclonal  and  polyclonal 
antibodies  were  raised  against  HIPIr  using  various  HlPlr- 
GST  fusion  proteins  as  antigens  (see  “Materials  and  Methods”). 
The  monoclonal  antibodies  HIPlr/lC5  and  HIPlr/lEl  resulted 
from  use  of  the  HIPIr  TALIN  homology  region  as  the  antigen, 
and  both  antibodies  recognized  all  of  the  deletion  mutants  (Fig. 
1A)  except  those  that  did  not  contain  the  TALIN  homology 
region  (HIPlr/AT  and  HIPlr/AEAT)  (Fig.  LB).  The  polyclonal 
anti-HIPlr  antibody  UM359,  which  was  generated  against  a 
AE-HIPlr-GST  fusion  protein,  immunoprecipitated  all  of  the 
HIPIr  mutants  (see  the  Supplemental  Material  Fig.  la,  lower 
panel).  The  monoclonal  antibody  HIPlr/lE5  was  generated 
from  a  region  of  HIPIr  that  contained  the  coiled-coil  domain 
and,  as  expected,  did  recognize  HIPlr/AT.  This  is  shown  by  the 
fact  that  all  of  the  HIPIr  mutants  were  recognized  by  Western 
blot  using  a  mix  of  the  monoclonal  antibodies  1E1  and  1E5 
(Supplemental  Material  Fig.  la,  bottom  panel). 

Prior  to  using  the  HIPIr  constructs  (Fig.  LA),  they  were 
tested  for  expression  levels  and  for  association  with  endocytic 
proteins  that  had  been  published  previously  (5,  9-13)  to  inter¬ 
act  with  HIP1  and  HIPIr.  293T  cells  were  transfected  with  the 
various  HIP1  (4)  and  HIPIr  constructs,  immunoprecipitated 
with  the  polyclonal  anti-HIPl  antibody  UM323  or  the  poly¬ 
clonal  anti-HIPlr  antibody  UM359,  and  immunoblotted  for 
various  endogenous  endocytic  proteins.  As  has  been  reported 
previously,  we  found  that  HIPIr  (Supplemental  Material  Fig. 
1A,  lane  2)  and  HIP1  (Supplemental  Material  Fig.  lb,  lane  2) 
associated  with  clathrin.  The  HIP1  mutants  HIP1/AT  and 
HIP1/AE  and  the  HIPIr  mutants  HIPlr/ATH,  HIPlr/AE,  and 
HIPlr/AEAT  were  able  to  associate  with  clathrin  equally  well 
compared  with  full-length  HIP1  and  HIPIr  (Supplemental  Ma¬ 
terial  Fig.  16,  lanes  3  and  5;  Fig.  la,  lanes  5-7).  This  provides 
evidence  that  the  mutants  we  have  created  are  folding  properly 
in  the  cell.  In  addition,  these  data  confirm  the  previous  work 
showing  that  the  LMD  motif  and  coiled-coil  regions  of  HIP1  are 
necessary  for  association  with  clathrin  (Supplemental  Material 
Fig.  16,  lanes  4  and  6)  (11). 

Next,  we  tested  whether  HIP1  and  HIPIr  associate  with 
AP-1,  an  endocytic  protein  complex  localized  primarily  to  the 
irans-Golgi  network  and  late  endosomes.  Immunoprecipitation 
and  Western  blotting  for  y-adaptin,  the  large  subunit  of  the 
AP-1  tetrameric  complex,  showed  that  neither  HIP1  nor  HIPIr 
associated  with  AP-1  (data  not  shown).  We  also  confirmed  that 
although  HIP1  associates  with  a-adaptin,  the  large  subunit  of 
the  adaptor  protein  AP-2,  HIPIr  did  not  (data  not  shown)  (5, 
9-13).  This  is  consistent  with  the  differences  in  domain  struc¬ 
ture  between  HIP1,  which  contains  a  consensus  binding  se- 
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Fig.  1.  HIPIr  mutants  and  antibody  characterization.  A,  the  human  HIPIr  protein  has  an  epsin  N-terminal  homology  ( ENTH)  domain,  a 
central  coiled-coil  domain  containing  a  leucine  zipper,  and  a  C-terminal  TALIN  homology  domain.  These  domains  were  deleted  to  produce  the 
constructs  pcDNA3.1-HIPlr/TH,  pcDNA3.1-HIPlr/A153,  pcDNA3.1-HIPlr/ATH,  pcDNA3.1-HIPlr/AE,  and  pcDNA3.1-HIPlr/AEAT.  Restriction 
sites  for  KspI  (K)  and  BamHI  (B)  are  marked.  B,  polyclonal  and  monoclonal  antibodies  were  raised  against  purified  HIPIr  fragments.  Western  blots 
(WB)  using  monoclonal  antibodies  1C5  and  1E1,  which  recognize  the  TALIN  homology  region,  are  shown.  Asterisks  denote  the  location  of  HIPIr 
mutants. 


quence  for  AP-2  (the  DPF  motif),  and  HIPIr,  which  lacks  this 
motif  (Fig.  1A). 

Most  interesting,  the  HIP1/AE  mutant  that  lacks  the  puta¬ 
tive  inositol  lipid-binding  domain  did  not  reproducibly  associ¬ 
ate  with  AP-2  (data  not  shown)  but  did  associate  with  clathrin 
(Supplemental  Material  Fig.  16,  lane  3).  We  have  found  previ¬ 
ously  that  expression  of  this  mutant,  but  not  the  full-length 
HIP1,  induces  cell  death  in  293T  (4)  and  BT549  breast  cancer 
cells  (2).  One  reason  that  HIP1/AE  may  not  have  associated 
with  AP-2  is  that  it  was  concentrated  in  a  relatively  AP-2- 
deficient  perinuclear  area  of  the  cell  by  confocal  immunofluo¬ 
rescence  (Supplemental  Material  Fig.  26).  In  comparison,  when 
full-length  HIP1  was  overexpressed  in  the  same  cells,  it  was 
more  widely  distributed  in  the  cytoplasm  in  a  punctate  pattern 
(Supplemental  Material  Fig.  2a).  The  HIPlr/AE  mutant  also 
showed  a  similar  and  more  perinuclear  subcellular  localization 
compared  with  full-length  HIPIr  (compare  Supplemental  Ma¬ 
terial  Fig.  2,  c  and  d).  Although  HIPIr  co-localized  partially 
with  HIP1,  it  consistently  showed  an  additional  localization  to 
the  more  peripheral  ruffled  plasma  membrane  (Supplemental 
Material  Fig.  2c,  white  arrow,  andg).  This  HIPIr  location  to  the 
actin  containing  membrane  ruffles  confirms  the  HIPIr  subcel¬ 
lular  localization  described  previously  (15). 

HIP1  and  HIPIr  Bind  Preferentially  to  3-Phosphate  Contain¬ 
ing  Inositol  Lipids  via  Their  ENTH  Domains — The  ENTH  do¬ 
main  is  found  in  several  proteins  implicated  in  endocytosis 


including  Epsin  1  and  AP180/CALM  (7,  8),  CLINT  ((19)  also 
known  as  enthoprotin  (20)  or  EpsinR  (21)),  as  well  as  the  HIP 
family.  The  Epsin  1  and  AP180/CALM  ENTH  domains  are 
documented  lipid-binding  motifs  that  have  been  shown  to  bind 
predominantly  to  PtdIns(4,5)P2  and  PtdIns(3,4,5)P3  (7,  8).  Re¬ 
cently,  the  ENTH  domains  from  several  proteins  including 
those  of  the  HIP  family  have  also  been  found  to  bind  tubulin 
(22).  In  contrast,  the  lipid  binding  specificity  of  the  HIP  family 
of  ENTH  domains  has  not  been  studied.  It  should  be  noted  that 
Mishra  et  al.  (13)  did  find  that  phosphoinositides  were  a  nec¬ 
essary  component  of  the  liposomes  for  HIP1  binding.  However, 
the  preparation  of  inositol  lipids  was  not  purified,  and  therefore 
conclusions  about  lipid  specificity  were  not  made  in  that  study. 

One  obvious  hypothesis  derived  from  the  different  subcellu¬ 
lar  localization  of  the  AE  mutants  (Supplemental  Material  Fig. 
2,  6  and  d)  is  that  important  protein  or  lipid  binding  activities 
of  the  ENTH  domain  are  not  present  in  the  deletion  mutants. 
These  binding  activities  would  anchor  HIP  proteins  to  the 
particular  subcellular  location  of  those  proteins  or  lipids.  In 
addition,  it  is  well  established  that  inositol  lipids  are  used  by 
the  cell  to  generate  diversity  in  the  destinations  of  protein 
cargo  during  trafficking  (23).  To  begin  to  explore  if  a  lipid 
binding  activity  of  the  HIP  family  is  important  in  their  cellular 
function/location,  we  assayed  the  lipid  binding  specificity  of  the 
HIP1  and  HIPIr  ENTH  domains  by  using  a  variety  of  tech¬ 
niques.  First,  myc-His-tagged  HIP1  and  HIP1/AE  were  overex- 
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Fig.  2.  Lipid  binding  characteristics  of  HIP1  and  HIPIr.  A,  specificity  and  relative  affinity  of  Ptdlns  lipid  binding  by  HIP1.  Purified 
HIPl-myc-His  and  HIPl/AE-myc-His  were  bound  to  PIP  arrays  containing  from  1.56  to  100  pmol  of  each  lipid  series.  Proteins  were  detected  using 
anti-Myc  antibody.  B,  liposome  binding  assays  with  full-length  HIP1  and  HIP1/AE  performed  with  liposomes  containing  10%  of  the  indicated  lipid 
series  (see  “Materials  and  Methods”).  Pelleted  liposomal-bound  (P)  and  supernatant  (S)  fractions  are  shown.  C,  HIPlr-GST  binds  preferentially  to 
PI3,5-P2  and  PI3,4-P2  on  PIP  arrays.  FL-HIPlr-GST  and  AE-HIPlr-GST  were  used  for  binding  to  PIP  arrays.  Proteins  were  detected  using  a  mix 
of  monoclonal  1E1  and  1C5  HIPIr  antibodies.  Control  blots  using  antibody  alone  showed  no  signal  (not  shown).  D,  liposome  binding  assays  using 
full-length  HIPIr  performed  with  liposomes  containing  10%  of  the  indicated  lipid  series.  E,  the  ENTH  domain  is  critical  for  HIPIr  lipid  binding. 
Various  HIPIr  mutant  proteins  fused  to  GST  were  mixed  with  liposomes  containing  10%  of  the  indicated  lipid  species.  Liposomes  were  pelleted, 
and  the  pellets  and  supernatants  were  run  on  7%  acrylamide  gels.  Proteins  were  detected  by  Western  blot. 


pressed  and  purified  from  293T  extracts  by  nickel  column  chro¬ 
matography.  PIP  arrays  were  used  to  assess  initially  the 
binding  of  these  purified  proteins  to  Ptdlns  lipids.  Most  sur¬ 
prising,  the  highest  affinity  of  binding  for  HIP1  was  to 
PtdIns(3,4)P2  and  PtdIns(3,5)P2  (Fig.  2A,  left  panel).  As  ex¬ 
pected,  HIP1/AE  did  not  bind  these  lipids  (Fig.  2A,  right  panel). 
We  also  looked  at  the  lipid  binding  of  35S-labeled  proteins  that 
were  synthesized  using  reticulocyte  lysates.  The  in  vitro  trans¬ 
lated  proteins  were  incubated  with  liposomes  containing  a  va¬ 
riety  of  phosphatidylinositol  lipids.  Pelleted  liposomes  and  su¬ 
pernatants  were  run  on  SDS-PAGE  gels  and  analyzed  by 
autoradiography.  HIP1  bound  to  liposomes  containing  Ptdlns 
(3)P,  PtdIns(3,4)P2,  and  PtdIns(3,5)P2  but  did  not  bind  to 
PtdIns(4,5)P2  (Fig.  2 B,  top  panel).  As  predicted,  the  HIP1/AE 
protein  was  unable  to  bind  any  of  the  inositol  lipid-containing 
liposomes  (Fig.  2 B,  bottom  panel). 

Because  we  unexpectedly  found  that  the  myc-His  tag  was  not 
recognized  by  anti-His  or  anti-Myc  antibodies  or  the  nickel 
column  when  attached  to  the  HIPIr  C  terminus  (despite  re¬ 
peated  sequence  confirmation  of  the  constructs),  it  was  neces¬ 
sary  to  generate  a  series  of  HIPIr  deletion  mutants  fused  to 
GST  to  characterize  the  lipid  binding  properties  of  HIPIr  (see 
“Materials  and  Methods”).  First,  purified  FL-HIPlr-GST  and 


AE-HIPlr-GST  fusion  proteins  were  used  to  test  binding  to  PIP 
arrays.  Like  HIP1,  full-length  HIPIr  bound  preferentially  to 
PtdIns(3,4)P2  and  PtdIns(3,5)P2  using  the  PIP  arrays  (Fig.  2C, 
left  panel),  and  significant  binding  was  abolished  in  the  mutant 
lacking  the  ENTH  domain  (Fig.  2C,  right  panel).  HIPlr-GST 
also  exhibited  some  lower  affinity  binding  to  PtdIns(4,5)P2  and 
PtdIns(3,4,5)P8  (Fig.  2C,  left  panel).  HIPlr-GST  fusion  proteins 
were  also  subjected  to  liposome  pelleting  assays.  Consistent 
with  the  PIP  array  results,  full-length  HIPIr  bound  preferen¬ 
tially  to  PtdIns(3,4)P2  and  PtdIns(3,5)P2-containing  liposomes 
(Fig.  2D).  We  also  observed  less  reproducible  binding  in  some 
cases  to  other  3-phosphorylated  inositol  lipids,  namely 
PtdIns(3)P  and  PtdIns(3,4,5)P8  (Fig.  2,  D  and  E,  and  data  not 
shown).  The  ENTH  domain  was  necessary  for  binding,  as  the 
AE-HIPlr  and  LZ-HIPlr  mutants  failed  to  bind  any  of  the 
lipids  tested  (Fig.  2 E).  The  HIPlr-GST  mutant  containing  only 
the  ENTH  domain  (ENTH-HIPIr)  also  pelleted  with  liposomes 
but  was  less  specific  and  bound  to  PtdIns(3)P,  PtdIns(4)P, 
PtdIns(3,4)P2,  PtdIns(4,5)P2,  and  PtdIns(3,4,5)P3,  as  well  as 
phosphatidic  acid  (Fig.  2 E).  The  latter  data  suggest  that  se¬ 
quences  not  present  in  the  ENTH  mutant  are  necessary  for 
conferring  preferential  binding  to  3-phosphorylated  inositol 
lipids. 
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The  differences  in  lipid  binding  reported  here  compared  with 
previous  mammalian  ENTH  domain-containing  proteins  sug¬ 
gest  that  HIP1  and  HIPIr  may  participate  in  a  distinct  part  of 
the  pathway  of  clathrin  trafficking  different  from  the  other 
ENTH  domain-containing  proteins.  Another  possibility  is  that 
the  binding  of  the  HIP  proteins  to  inositol  lipids  has  a  com¬ 
pletely  different  function  that  remains  to  be  determined.  How¬ 
ever,  we  think  this  interaction  is  significant  as  several  proteins 
know  to  co-localize  with  endosomal  membranes  also  bind  to 
3-phosphate-containing  bisphosphoinositides  (24,  25).  For  ex¬ 
ample,  the  yeast  protein  Ent3p  has  been  shown  recently  to 
have  a  PtdIns(3,5)P2-binding  ENTH  domain  that  mediates  its 
role  in  intracellular  multivesicular  body  protein  sorting  (26). 

In  addition,  we  have  found  that  Ptdlns  3-kinase  was  acti¬ 
vated  in  cells  that  overexpressed  HIP1  but  that  phospholipase 
C-y ,  in  contrast,  was  not  activated  (2).  This  together  with  our 
3-phosphoinositide  binding  data  suggested  the  hypothesis  that 
HIP1  binding  to  3-phosphorylated  inositol  lipids  may  contrib¬ 
ute  to  Akt  activation  by  these  lipids.  If  this  hypothesis  were 
true,  a  dominant  negative  HIP1  that  lacked  lipid  binding  might 
lead  to  Akt  inhibition  and  subsequent  apoptosis  as  Akt  activa¬ 
tion  is  a  cell  survival  signal.  On  the  other  hand,  constitutively 
activated  Akt  would  be  expected  to  bypass  this  dominant  neg¬ 
ative  HIPl-induced  apoptosis  as  it  would  be  expected  to  be 
downstream  of  HIP1.  Indeed,  we  have  found  that  constitutively 
active  Akt  (Myr-Akt),  but  not  oncogenic  Ras-V12,  is  able  to 
rescue  dominant  negative  HIPl/AE-mediated  apoptosis  (Sup¬ 
plemental  Material  Fig.  3).  The  latter  data,  albeit  indirect, 
suggests  that  3-phosphoinositides  may  indeed  be  important  in 
the  fundamental  cellular  functions  of  the  HIP  family. 

The  HIPIr  Mutant  Lacking  the  ENTH  Domain  Induces  Cell 
Death — We  have  shown  previously  (4)  that  HIP1  is  overex¬ 
pressed  in  several  cancers,  especially  prostate  and  colon  can¬ 
cer.  In  addition,  it  has  been  shown  that  specific  antibodies 
against  HIPIr  are  produced  in  patients  with  colon  cancer, 
suggesting  that  HIPIr  is  also  overexpressed  in  colon  cancers 
(27).  Furthermore,  expression  of  the  ENTH  deletion  mutant  of 
HIP1,  but  not  full-length  HIP1,  induces  cell  death  in  a  domi¬ 
nant  interfering  manner  (4).  The  discrepancies  between  our 
data  that  suggest  HIP1  has  a  cellular  survival  function  and  the 
data  of  Hackam  et  al.  (44)  and  Gervais  et  al.  (30)  that  suggest 
HIP1  is  primarily  pro-apoptotic  are  not  yet  understood.  We 
speculate  that  the  cellular  environment  may  influence  whether 
or  not  the  full-length  HIP  proteins  have  pro-apoptotic  versus 
survival  functions.  By  removal  of  the  ENTH  domain,  potential 
pro-apoptotic  domains  (such  as  the  pseudo-DED  domain  de¬ 
scribed  by  Gervais  et  al.  (30))  may  be  unveiled. 

To  begin  to  test  which  domains  of  HIPIr  were  important  to 
its  function,  we  expressed  the  HIPIr  deletion  mutants  in  293T 
cells.  A  time  course  of  protein  expression  after  transient  trans¬ 
fection  of  HIPIr  deletion  mutants  showed  that  HIPlr/AE  and 
HIPlr/AEAT  were  not  as  stable  as  other  HIPIr  mutants  (Fig. 
3A).  This  result  parallels  our  previous  finding  that  the 
HIPI/AE  mutant  was  not  as  stable  as  other  HIP1  mutants  and 
induced  apoptosis.  In  contrast,  expression  of  full-length  HIPIr 
and  most  of  the  deletion  mutants  remained  stable  for  at  least  7 
days  post-transfection  (Fig.  3A).  We  have  also  overexpressed 
the  ENTH  domain  of  HIP1  in  cells,  and  it  did  not  induce 
apoptosis  (Ref.  4  and  data  not  shown). 

In  contrast  to  full-length  HIP1  and  HIPIr  (Supplemental 
Material  Fig.  2,  a  and  c),  many  cells  transfected  with  HIPlr/AE 
or  HIPI/AE  and  visualized  by  immunofluorescence  48  h  post¬ 
transfection  were  condensed  and  blebbing,  characteristic  of 
apoptotic  cells.  In  order  to  quantitate  the  apoptosis  caused  by 
the  HIPlr/AE  mutant  and  to  compare  this  mutant  with  the 
HIPI/AE  mutant,  cells  were  transfected  in  triplicate  with 
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Fio.  3.  Expression  of  an  HIPIr  mutant  lacking  the  ENTH  do¬ 
main  causes  apoptosis.  A,  HIPIr  mutants  were  transfected  into  293T 
cells,  and  extracts  were  analyzed  by  Western  blot  at  days  1,  2,  4,  and  7 
post-transfection.  B,  quantitation  of  apoptosis  caused  by  HIPlr/AE 
compared  with  HIPI/AE.  Transfected  cells  (stained  with  HIPlr/lC5 
antibody  or  HIP1/4B10  antibody  as  described  under  “Materials  and 
Methods”)  were  scored  at  either  24  or  48  h  post-transfection  as  apop¬ 
totic  if  DAPI-stained  nuclear  condensation  or  fragmentation  was  pres¬ 
ent.  Experiments  were  performed  three  times.  Error  bars  represent  the 
mean  ±  S.D. 

HIPlr/AE,  full-length  HIPIr,  or  HIPI/AE,  stained  with  anti- 
HlPlr  or  anti-HIPl  antibodies,  and  then  assayed  for  apoptosis 
by  scoring  apoptotic  nuclear  morphology.  DAPI-stained  nuclei 
of  transfected  cells  were  scored  as  apoptotic  if  they  possessed 
condensed  or  fragmented  nuclei.  Whereas  full-length  HlPlr- 
transfected  cells  had  a  minimal  percentage  of  apoptosis,  cells 
transfected  with  HIPI/AE  and  HIPlr/AE  consistently  exhibited 
increased  incidence  of  cellular  apoptosis  48  h  post-transfection 
(Fig.  3B).  Most  interesting,  compared  with  HIPI/AE,  HIPlr/AE 
did  not  show  significant  apoptosis  at  24  h  post-transfection. 
This  was  also  confirmed  with  terminal  dUTP  nick-end  labeling 
analysis  in  an  independent  experiment  (data  not  shown).  These 
results,  together  with  our  previous  data  documenting  a  domi¬ 
nant  interfering  function  of  HIPI/AE  (4),  imply  that  HIPIr,  like 
HIP1,  may  have  a  role  in  cellular  survival.  The  difference  in 
time  course  also  suggests  that  HIP1  and  HIPIr  may  have 
functions  in  the  cell  that  are  distinct  from  each  other  in  addi¬ 
tion  to  those  that  are  overlapping. 

The  HIP  Family  Stabilizes  Growth  Factor  Receptors — The 
activities  of  HIP1  and  HIPIr  that  might  lead  to  the  survival  of 
cells  and  contribute  to  tumorigenesis  remain  to  be  defined. 
Recently,  we  have  found  that  HIP1  is  overexpressed  in  multiple 
epithelial  tumors,  and  stable  overexpression  of  HIP1  in 
NIH3T3  fibroblasts  causes  transformation.  In  HlPl-overex- 
pressing  cells,  this  process  may  be  mediated  in  part  by  elevated 
levels  of  epidermal  growth  factor  receptor  (EGFR)  and  the 
resultant  activation  of  mitogenic  signaling  pathways  (2).  In 


Fig.  4.  HIP1  expression  stabilizes  receptor  tyrosine  kinases  during  post-stimulation  endocytosis  and  degradation.  A,  levels  of 
EGFR  are  stabilized  by  the  overexpression  of  HIP1  and  the  dynaminl-K44A  mutant.  20  fig  of  protein  were  loaded  on  SDS-PAGE  gels  and  analyzed 
for  EGFR  expression  following  stimulation  with  100  ng/ml  EGF.  Actin  levels  were  used  as  a  loading  control.  B,  comparison  of  EGFR  levels  and 
EGFR  phosphorylation  after  stimulation  with  various  amounts  of  EGF  for  60  min.  Gels  were  loaded  with  20  pg  of  protein  extracts  from  cells 
transfected  with  EGFR  and  the  indicated  construct.  C,  comparison  of  EGFR  levels  and  EGFR  phosphorylation  in  cells  transfected  with  EGFR  and 
full-length  HIP1  or  HIP1/AE,  starved  for  48  h,  and  stimulated  with  100  ng/ml  EGF  for  0  or  2  h.  50  pg  of  protein  was  loaded  on  SDS-PAGE  gels 
and  analyzed.  D,  the  dynaminl-K44A  mutant  overcomes  EGFR  destabilization  caused  by  HIP1/AE.  293T  cells  were  co-transfected  with  EGFR, 
dynaminl-K44A  ( Dyna-K44A ),  and  HIP1/AE  as  indicated  and  stimulated  with  EGF.  20  pg  of  protein  were  loaded  on  SDS-PAGE  gels  and  analyzed 
by  Western  blot. 


order  to  determine  whether  the  elevated  levels  of  EGFR  in  the 
transformed  cells  was  a  direct  result  of  HIP1  overexpression  or 
a  more  secondary  effect  of  transformation,  we  have  begun  to 
evaluate  the  effect  of  transient  HIP1  and  HIPIr  overexpression 
on  growth  factor  receptor  stability  after  ligand  stimulation. 
Briefly,  to  allow  for  sufficient  sensitivity  of  detection  and  semi¬ 
quantitation  of  growth  factor  receptor  half-life,  293T  cells  were 
co-transfected  with  EGFR  or  PDGF/3R  and  the  various  full- 
length  or  mutant  HIP  constructs.  The  transfected  cells  were 
then  stimulated  with  ligand  and  analyzed  for  the  rate  of  recep¬ 
tor  tyrosine  kinase  degradation.  In  order  to  validate  our  assay, 
we  utilized  the  well  characterized  GTPase-deficient  dynaminl 
dominant  negative  mutant  dynaminl-K44A  (28).  Dynamin  is 
critical  for  release  of  invaginated  clathrin-coated  pits  from  the 
plasma  membrane  to  form  clathrin-coated  vesicles  (29).  The 
dynaminl-K44A  construct  exerts  a  dominant  interfering  effect 
on  endogenous  dynamin,  resulting  in  the  loss  of  normal  dy¬ 


namin  function.  The  net  effect  of  expression  of  this  mutant  in 
cells  is  to  prevent  ligand-induced  endocytosis  and  degradation 
of  growth  factor  receptors  and  thereby  increase  surface  levels  of 
the  receptor  (28). 

Following  transfection  of  the  constructs  and  starvation  in 
serum-free  medium,  transfected  cells  were  stimulated  with 
EGF  for  various  lengths  of  time.  It  is  noteworthy  that  we  found 
it  necessary  to  include  cycloheximide  in  the  assay  to  inhibit  the 
confounding  rapid  translation  of  new  EGFR.  If  cycloheximide 
was  not  included,  there  were  no  reproducible  differences  de¬ 
tected  in  EGFR  half-life  in  any  of  the  cells  transfected  with 
EGFR  and  vector,  full-length  or  mutant  HIP  constructs.  This 
indicates  that  the  HIP-mediated  EGFR  stabilization  described 
below  was  via  post-translational  mechanisms  (data  not  shown). 
As  expected,  in  the  presence  of  cycloheximide  we  were  able  to 
show  that  the  EGFR  was  degraded  in  vector-transfected  cells 
following  EGF  stimulation  with  an  approximate  half-life  of  30 
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Fig.  5.  HIPIr-transfected  cells  have  increased  levels  of  growth  factor  receptors.  A,  HIPIr  stabilizes  total  and  Tyr-845-phosphorylated 
EGFR,  whereas  HIPlr/AE  reduces  levels  of  activated  EGFR.  293T  cells  were  transfected  with  EGF  and  either  vector  (.lanes  1-3),  HIPIr  (lanes  4-6), 
HIPlr/AE  ( lanes  7-9),  or  HIP1  (lanes  10-12).  Samples  were  taken  0,  1,  and  2  h  after  starvation  and  stimulation  with  human  EGF  and  subject  to 
Western  blot  analysis.  B,  comparison  of  PDGF/3R  levels  following  stimulation  with  PDGF-/3/3.  293T  cells  were  transfected  with  vector,  HIPIr  or 
HIPlr/AE,  along  with  5  pg  of  pSRa-PDGF/iR.  Cells  were  harvested  0,  1,  and  3-4  h  after  starvation  and  stimulation  with  PDGF-/3/3  and  subjected 
to  Western  blot  analysis.  C,  same  experiment  as  B  except  that  HIP1  and  HIP1/AE  were  assayed.  D,  down-regulation  of  EGFR  by  HIPlr/AE  can 
be  partially  overcome  by  dynaminl-K44A.  Cells  were  co-transfected  with  EGFR,  dynaminl-K44A  (Dyna  K44A),  and  either  HIPIr,  HIPlr/AE,  or 
HIP1  and  stimulated  with  EGF.  15  pg  of  protein  were  loaded  on  SDS-PAGE  gels  and  analyzed  by  Western  blot. 


min  (Fig.  4A,  lanes  1-4).  In  contrast,  there  was  a  dramatic 
prolongation  of  the  EGFR  half-life  to  greater  than  2  h  in  HIP1- 
transfected  cells  following  stimulation.  This  is  shown  by  steady 
levels  of  the  EGFR  at  all  time  points  in  the  presence  of  HIP1 
(Fig.  4A,  lanes  5-8).  A  similar  effect  where  the  EGFR  half-life 
was  prolonged  beyond  the  last  time  point  in  our  assay  was  seen 
in  dynaminl-K44A-transfected  cells  (Fig.  4A,  lanes  9-12), 
whereas  transfection  of  a  wild  type  dynamin  construct  caused 
higher  levels  of  EGFR  degradation  (data  not  shown). 

It  should  also  be  noted  that  the  Western  blots  presented  are 
a  portion  of  those  actually  analyzed.  It  was  necessary  for  us  to 
evaluate  different  exposures  or  to  run  varying  amounts  of  each 
of  our  extracts  to  achieve  blots  where  the  semi-quantitation  of 
EGFR  in  the  extracts  from  the  various  transfection  conditions 
were  in  a  range  of  ECL  signal  that  was  linear.  This  allowed  us 
to  conclude  that  the  half-life  of  the  EGFR  was  prolonged  in  the 
HIP  and  dynaminl-K44A-transfected  cells.  In  addition,  this 
effect  was  apparent  across  different  concentrations  of  EGF, 
with  HIP1-  or  dynaminl-K44A-expressing  cells  consistently 
showing  not  only  higher  levels  of  EGFR  at  60  min  post-stimu¬ 
lation  but  also  greater  EGFR  tyrosine  phosphorylation  (Fig. 
4B).  Lower  doses  of  EGF  (26-50  ng/ml)  in  this  assay  did  not 
effectively  stimulate  degradation  of  the  EGFR  in  response  to 
ligand  in  the  vector-transfected  cells  and,  as  a  result,  were  not 
used. 

It  should  also  be  noted  that  the  levels  of  the  HIPs  and  the 
dynamin  mutant  did  not  vary  during  the  time  course  of  each 


experiment.  This  allowed  us  to  quantitate  the  growth  factor 
half-lives  without  having  to  quantitate  ratios  of  growth  factor 
levels  and  modifier  proteins.  It  also  allowed  us  to  conclude  that 
the  half-lives  of  the  HIPs  and  dynamin  mutant  were  much 
longer  than  4  h,  as  the  presence  of  cycloheximide  did  not  lead 
to  detectable  changes  in  their  levels  in  the  presence  or  absence 
of  growth  factor  receptor  stimulation. 

Co-expression  of  full-length  HIPIr  produced  analogous  re¬ 
sults,  with  stabilization  of  the  EGFR  to  a  half-life  of  greater 
than  2  h  and  higher  levels  of  EGFR  phosphorylation  after 
stimulation  compared  with  vector-transfected  controls  (Fig.  6A, 
compare  lanes  4-6  to  lanes  1-3).  It  is  also  significant  that  the 
starting  levels  of  EGFR  prior  to  EGF  stimulation  were  fre¬ 
quently  increased  in  the  HIP  or  dynamin  dominant  negative 
transfected  cells.  This  is  likely  due  to  a  continual  effect  of  HIPs 
and  the  dynaminl-K44A  mutant  on  the  turnover  of  EGFR.  As 
expected,  this  difference  in  starting  amounts  of  EGFR  was  not 
observed  in  the  absence  of  cycloheximide. 

To  determine  whether  HIPIr  and  HIP1  were  able  to  alter  the 
stability  of  other  receptors  whose  endocytosis  is  mediated  by 
clathrin  and  its  cofactors,  we  assayed  the  effect  of  HIPIr  and 
HIP1  on  the  degradation  of  the  PDGFjSR  after  stimulation  with 
its  ligand,  PDGF-j3/3.  Following  stimulation,  overexpression  of 
HIPIr  or  HIP1  led  to  diminished  degradation  of  the  PDGF/3R, 
albeit  to  a  lesser  extent  than  that  seen  for  the  EGFR  (Fig.  5 B, 
compare  lanes  4-6  to  lanes  1-3;  Fig.  5C,  compare  lanes  4-6  to 
lanes  1-3).  The  approximate  half-life  of  the  PDGF/3R  was  pro- 
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longed  from  1  to  3  h  in  the  presence  of  full-length  HIPs.  The 
similar  but  distinct  effects  seen  with  the  EGFR  and  PDGF/3R 
when  either  HIP1  or  HIPIr  was  overexpressed  indicate  not 
only  a  general  role  for  the  HIP1  family  in  post-stimulation 
regulation  of  receptor  tyrosine  degradation  but  also  a  possible 
selectivity  of  the  HIP  family  in  its  activity  of  receptor 
stabilization. 

Mutants  Lacking  the  ENTH  Domain  Do  Not  Stabilize 
EGFRs — We  and  others  (4,  10,  30)  have  previously  gathered 
data  that  indicate  HIP1  has  an  effect  on  cellular  survival.  It  is 
possible  that  altered  HIPIr  expression  also  affects  the  survival 
of  cells.  We  hypothesize  that  the  pro-survival  functions  of  HIP1 
and  HIPIr  may  be  dependent  upon  their  ability  to  stabilize  and 
thereby  up-regulate  growth  factor  receptor  tyrosine  kinases 
through  their  role  in  clathrin  trafficking.  Conversely,  the  with¬ 
drawal  of  growth  factor  receptor  stimulation  has  been  noted  to 
be  sufficient  to  cause  apoptosis  (31).  These  facts  led  to  the 
hypothesis  that  the  pro-apoptotic  effects  of  interfering  with 
HIP1  or  HIPIr  function  might  result  from  the  disruption  of 
receptor  tyrosine  kinase  trafficking. 

To  address  this  hypothesis,  we  co-transfected  the  HIP1/AE 
construct  along  with  EGFR  and  analyzed  its  effect  on  EGFR 
half-life.  We  have  provided  evidence  previously  (4)  that  the 
HIP1/AE  protein  functions  as  a  dominant  interfering  mutant. 
HIP1/AE  did  not  have  the  same  stabilizing  effect  as  full-length 
HIP1;  indeed,  EGFR  degradation  following  stimulation  ap¬ 
peared  to  be  accelerated  in  cells  expressing  HIP1/AE  (Fig.  4D, 
lanes  4-6  compared  with  lanes  1-3).  Phosphorylation  of  the 
EGFR  was  also  diminished  after  ligand  stimulation  compared 
with  vector-transfected  control  (Fig.  4C,  lanes  5  and  6  com¬ 
pared  with  lanes  1  and  2). 

Similar  but  distinct  results  were  observed  upon  transfection 
of  HIPlr/AE.  Western  blots  of  total  EGFR  show  at  least  two 
species  of  EGFR  of  slightly  different  molecular  weights.  Levels 
of  the  upper  phosphorylated  or  monoubiquitinated  EGFR  band 
were  diminished  at  every  time  point  in  the  HIPlr/AE-trans- 
fected  samples  compared  with  vector-transfected  cells  (Fig.  5A, 
compare  lanes  7-9  to  lanes  1-3).  This  activated  EGFR  isoform 
was  not  stable  in  the  HIPlr/AE-expressing  cells  (Fig.  5 A,  lanes 
7-9)  but  was  in  the  HIPIr-transfected  cells  (Fig.  5 A,  lanes  4 -  6). 
Immunoblot  analysis  for  phosphorylated  EGFR  confirmed  that 
activated  EGFR  levels  were,  like  in  the  HIPl/AE-expressing 
cells,  reduced  in  the  HIPlr/AE-expressing  cells  (Fig.  5 A,  lanes 
7-9  compared  with  lanes  1-3). 

Next,  we  analyzed  the  effects  of  the  other  HIPIr  mutants  on 
EGFR  expression  and  ligand-stimulated  activation.  Like  full- 
length  HIPIr,  the  HIPlr/ATH  mutant  stabilized  total  EGFR 
levels  and  also  showed  increased  tyrosine  phosphorylation  of 
the  EGFR  compared  with  vector-transfected  cells  (data  not 
shown).  Like  HIPlr/AE,  HIPlr/AEAT-transfected  cells  lacked 
the  higher  molecular  weight  EGFR  species  seen  in  vector-  or 
HIPIr-transfected  cells  and  showed  reduced  tyrosine  phospho¬ 
rylation  of  the  receptor  (data  not  shown).  These  results  suggest 
that  the  ENTH  domain  is  necessary  for  effective  maintenance 
of  EGF  signal  duration,  likely  via  stabilization  of  the  receptor 
in  early  pH  neutral  endocytic  vesicles.  It  is  interesting  to  note 
again  that  the  HIPl/AE-containing  cells  contain  predomi¬ 
nantly  the  slower  migrating,  phosphorylated  EGFR  band  (Fig. 
4 D,  lanes  4-6),  whereas  the  HIPlr/AE-containing  cells  contain 
more  of  the  faster  migrating  EGFR  band  (Fig.  6A,  lanes  7-9). 
This  suggests  that  the  different  patterns  of  EGFR  banding,  as 
seen  in  the  HIP1/AE  compared  with  the  HIPlr/AE-transfected 
cells,  may  reflect  subtle  differences  in  the  ways  HIP1  and 
HIPIr  affect  total  levels  of  EGFR  versus  total  levels  oftyrosine- 
phosphorylated  EGFR. 

Previously,  we  have  shown  that  HIPl/AE-mediated  apopto¬ 


sis  could  be  rescued  by  a  dominant  negative  caspase  9  but  not 
a  dominant  negative  caspase  8,  suggesting  that  HIP1/AE  in¬ 
duced  caspase  9-dependent  apoptosis  (4).  To  determine 
whether  the  same  effect  could  be  seen  in  terms  of  receptor 
stabilization,  EGF  stimulation  assays  were  performed  with 
co-transfection  of  EGFR,  HIP1/AE,  and  either  vector  or  domi¬ 
nant  negative  caspase  9.  Dominant  negative  caspase  9  did  not 
alter  the  effect  of  HIP1/AE  on  EGFR,  although  this  construct 
does  correct  the  cell  death  induced  by  HIP1/AE  (data  not  shown 
and  see  Ref.  4).  These  results  indicate  that  the  effect  of 
HIP1/AE  or  HIPlr/AE  on  EGFR  levels  in  our  assays  is  not 
simply  due  to  increased  apoptosis  of  cells  that  express  trans¬ 
fected  EGFR  and  the  AE  mutants.  Moreover,  it  suggests  that 
caspase  9-dependent  apoptosis  mediated  by  the  AE  mutants 
may  be  a  downstream  effect  of  receptor  down-regulation  and 
that  the  apoptosis  can  be  corrected  without  a  correction  of  the 
receptor  abnormality. 

Because  previous  studies  have  indicated  that  HIP1  and 
HIPIr  have  activities  at  the  plasma  membrane,  it  is  possible 
that  they  are  rate-limiting  in  these  functions.  Overexpression 
of  HIP1  or  HIPIr  could  inhibit  the  initial  stages  of  clathrin- 
coated  vesicle  formation,  similar  to  the  dynaminl-K44A  mu¬ 
tant  (29).  This  mechanism  would  favor  retention  of  growth 
factor  receptors  at  the  plasma  membrane  and  allow  continued 
activation  of  signaling  pathways.  To  begin  to  test  at  which  step 
of  endocytosis  the  AE  mutants  might  act  predominantly,  cells 
were  transfected  with  EGFR  and  the  AE  mutants  with  or 
without  dynaminl-K44A.  Dynaminl-K44A  was  able  to  over¬ 
come  the  diminished  levels  of  EGFR  in  cells  expressing 
HIP1/AE  and  exhibited  EGFR  levels  comparable  with  transfec¬ 
tion  with  dynaminl-K44A  alone  (Fig.  4 D,  compare  lanes  7-9  to 
lanes  10-12).  In  contrast,  the  ability  of  dynaminl-K44A  to 
overcome  the  effects  of  HIPlr/AE  was  not  nearly  as  robust. 
Co-transfection  of  dynaminl-K44A  with  HIPlr/AE  did  cause 
some  increase  in  EGFR  levels,  but  only  in  the  EGFR  species  of 
lower  molecular  weight  and  not  to  the  extent  seen  with 
HIP1/AE  (Fig.  5 D,  compare  lanes  16-18  with  lanes  13-15). 
Based  on  this  finding,  HIP1  and  HIPIr  may  have  different  but 
partially  overlapping  mechanisms  of  growth  factor  stabiliza¬ 
tion.  These  results  suggest  HIP1  acts  in  a  rate-limiting  way 
downstream  of  the  initial  stages  of  clathrin-vesicle  formation  to 
promote  receptor  tyrosine  kinase  stabilization.  HIPIr  may  also 
act  in  the  endocytic  pathway  after  clathrin-vesicle  formation, 
as  the  dynaminl-K44A  was  able  to  partially  overcome  HIPIr/ 
AE-mediated  down-regulation  of  EGFR.  However,  the  data 
suggest  that  HIPIr  may  have  some  rate-limiting  functions  that 
are  upstream  of  HIP1.  This  would  be  consistent  with  its  local¬ 
ization  to  peripheral  membrane  ruffles  (15). 

Finally,  we  tested  whether  the  AE  mutants  of  HIP1  and 
HIPIr  caused  a  more  widespread  down-regulation  of  receptor 
tyrosine  kinase  levels  by  assaying  their  effects  on  PDGF/3R 
after  starvation  and  stimulation  with  PDGF-/3/3.  Similar  to 
EGFR,  cells  expressing  HIPlr/AE  and  HIP1/AE  exhibited  di¬ 
minished  levels  of  PDGF/3R  at  each  time  point  after  ligand 
stimulation  compared  with  vector-transfected  cells  (Fig.  5 B, 
compare  lanes  7-9  to  lanes  1-3;  Fig.  5 C,  compare  lanes  7-9  to 
lanes  1-3).  However,  the  extent  of  receptor  down-regulation 
was  less  pronounced  in  cells  expressing  HIP1/AE  compared 
with  HIPlr/AE-expressing  cells. 

Inhibition  of  Receptor  Tyrosine  Kinase  Degradation  by  the 
HIP  Family  Occurs  Post-endocytosis — Ligand-mediated  degra¬ 
dation  of  receptor  tyrosine  kinases  occurs  via  endocytosis  of 
clathrin-coated  pits  to  progressively  form  clathrin-coated  vesi¬ 
cles,  endosomes,  and  lysosomes  via  vesicle  trafficking  (32). 
Thus,  there  are  numerous  steps  of  trafficking  at  which  HIP1 
and  HIPIr  might  act  to  inhibit  the  degradation  of  receptor 
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tyrosine  kinases.  In  order  to  begin  to  understand  at  which 
stages  of  endocytosis  HIP1  and  HIPIr  might  act,  immunofluo- 
rescent  analysis  of  EGFR-containing  vesicles  in  cells  trans¬ 
fected  with  EGFR  and  either  vector,  HIP1,  HIPIr,  or  dy- 
naminl-K44A  was  performed.  This  assay  was  derived  from  a 
recently  published  assay  of  transforming  growth  factor-/3  re¬ 
ceptor  endocytosis  (33).  Vesicles  containing  EGFR  were  visu¬ 
alized  after  ligand  stimulation  by  staining  with  anti-EGFR 
antibody.  Prior  to  stimulation,  EGFR  was  localized  to  the 
plasma  membrane  as  denoted  by  the  absence  of  vesicular  struc¬ 
tures  in  the  cytoplasm  (Fig.  6A,  1st  three  left-hand  panels). 
After  30  min  of  stimulation,  cells  expressing  EGFR  alone  dem¬ 
onstrated  the  formation  of  vesicular  structures  containing 
EGFR  (Fig.  6A,  three  right-hand  panels,  top  row).  Similarly, 
HIP1-  or  HIPIr-overexpressing  cells  also  had  EGFR-positive 
vesicular  structures  after  ligand  stimulation,  indicating  endo- 
cytic  uptake  in  the  HIP-transfected  cells  (Fig.  6A,  three  right- 
hand  panels,  2nd  and  3rd  rows).  In  cells  transfected  with 
EGFR  and  either  vector  or  HIP1,  EGFR-containing  vesicular 
structures  also  co-localized  with  the  early  endosomal  antigen 
EEA-1  as  expected  (Fig.  6 B,  top  and  middle  rows;  columns  3 
and  6).  In  contrast,  in  cells  transfected  with  the  positive  control 
dynaminl-K44A  and  EGFR,  EGFR-containing  vesicular  struc¬ 
tures  did  not  form,  and  EGFR  remained  on  the  surface  rather 
than  being  internalized  (Fig.  6 A,  three  right-hand  panels,  bot¬ 
tom  row).  There  was  also  no  co-localization  of  EGFR  with 
EEA-1  (Fig.  6 B,  bottom  row,  column  6).  This  is  consistent  with 
prior  results  that  indicated  the  dynaminl-K44A  dominant  neg¬ 
ative  mutant  functions  to  inhibit  clathrin-coated  vesicle  release 
from  the  plasma  membrane  (29).  If  HIPs  had  functioned  in  a 
rate-limiting  fashion  during  clathrin  vesicle  formation,  we 
would  have  expected  the  HIP-transfected  cells  to  not  form 
EGFR-positive  vesicles  in  a  manner  similar  to  that  observed 
with  the  dynaminl-K44A-positive  control. 

We  also  attempted  to  assay  the  effects  of  the  AE  mutants  of 
HIP1  and  HIPIr  on  EGFR  endocytosis  by  using  this  assay. 
However,  due  to  the  enhanced  degradation  of  the  EGFR  in  the 
presence  of  the  AE  mutants,  the  sensitivity  of  this  assay  for  the 
EGFR  was  not  high  enough  to  make  solid  observations.  Be¬ 
cause  of  this,  we  devised  a  more  sensitive  flow  cytometry  assay 
that  quantitated  the  surface  EGFR  in  transfected  cells.  In  this 
assay  we  quantitated  by  flow  cytometry  the  relative  amounts  of 
cell-surface  EGFR  following  EGF  stimulation  in  HIP1-  or 
HIPl/AE-transfected  HeLa  cells,  which  contain  significant 
quantities  of  endogenous  EGFR  (28).  In  this  assay  HeLa  cells 
were  transfected  with  pcDNA3-IRES-GFP  constructs  contain¬ 
ing  nothing  ( i.e .  vector  alone),  HIP1,  dynaminl-K44A  or 
HIP1/AE  cDNAs  cloned  in  front  of  the  IRES-GFP  cassette. 
These  constructs  express  GFP  in  addition  to  the  protein  of 
interest,  allowing  us  to  restrict  flow  cytometric  analysis  of 
EGFR  to  only  those  cells  that  were  GFP-positive  (transfected 
cells).  Following  stimulation  with  EGF,  live,  non-permeabilized 
cells  were  stained  with  an  anti-EGFR  antibody  conjugated  to 
phycoerythrin,  and  relative  fluorescence  of  GFP-positive  cells 
was  measured  by  flow  cytometry.  Similar  to  the  effect  seen  by 
the  immunofluorescence  assay  of  EGFR  uptake,  there  was  no 
effect  of  HIP1  or  HIP1/AE  on  endocytic  clearance  of  surface 
EGFR  (Fig.  6C).  On  the  other  hand,  dynaminl-K44A  promoted 
retention  of  the  EGFR  on  the  cell  surface  at  all  time  points 
indicated.  In  addition,  even  though  HIP1/AE  failed  to  have  an 
effect  on  surface  levels  of  the  EGFR  post-EGF  stimulation,  it 
did  cause  apoptosis  in  HeLa  cells  (Supplemental  Material  Fig. 
4).  Thus,  this  provides  further  evidence  that  a  main  effect  of 
HIP1  and  HIP1/AE  on  EGFR  degradation  likely  occurs  subse¬ 
quent  to  the  uptake  phase  of  ligand-stimulated  receptor  tyro¬ 
sine  kinase  endocytosis. 


Because  endocytosis  of  EGFR  results  primarily  in  degrada¬ 
tion,  whereas  the  endocytosis  of  transferrin  receptor  results 
primarily  in  recycling  of  the  receptor,  we  examined  the  effect  of 
HIP1  or  HIP1/AE  on  uptake  of  fluorescently  labeled  trans¬ 
ferrin.  It  has  been  shown  previously  that  full-length  HIPs  do 
not  affect  the  uptake  of  transferrin  (12,  15).  The  effect  of  the 
HIP1/AE  mutant  has  not  yet  been  tested  in  transferrin  accu¬ 
mulation.  To  test  this,  the  same  IRES-GFP  constructs  were 
used  as  those  used  in  the  assay  of  endogenous  EGFR  uptake  in 
HeLa  cells.  Similar  to  the  effects  seen  for  the  EGFR,  trans¬ 
ferrin  uptake  was  unaffected  in  HIP1  or  HIPl/AE-transfected 
cells  but  was  inhibited  in  dynaminl-K44A  (positive  control)- 
transfected  cells  (Fig.  6 D).  Thus,  there  was  no  effect  of  tran¬ 
sient  overexpression  of  HIP1  or  its  ENTH  deletion  mutant  on 
the  uptake  phase  of  either  degradative  or  recycling  endocytic 
pathways. 

These  results  with  the  dynamin  dominant  negative,  together 
with  the  lack  of  growth  factor  receptor  stabilization  in  cells 
co-transfected  with  the  ENTH  domain  deletion  mutants,  sug¬ 
gest  that  the  HIP  family  does  not  function  to  inhibit  growth 
factor  receptor  degradation,  in  a  rate-limiting  fashion,  by  in¬ 
hibiting  the  internalization  phase  of  endocytosis.  Because  the 
HIP-stabilized  EGFR  is  also  activated,  we  suggest  that,  in 
addition  to  a  non-rate-limiting  function  at  the  cell  surface,  the 
HIP  family  also  inhibits  the  conversion  of  the  early  endocytic 
vesicles  to  later  inactivating  acidic  endosomes  or  lysosomes 
(Fig.  7).  This  is  consistent  with  the  fact  that  HIP1  and  HIPIr 
localization  in  the  cell  is  not  only  at  the  plasma  membrane  but 
also  found  in  intracellular  vesicles  (10).  The  more  membranous 
localization  of  HIPIr  is  consistent  with  the  inability  of  dy- 
naminl-K44A  to  fully  overcome  HIPlr/AE-mediated  EGFR 
down-regulation.  Finally,  the  3-phosphorylated  bisphospho- 
inositide  binding  properties  of  HIP1  and  HIPIr  (Fig.  2)  are  also 
consistent  with  HIP1  and  HIPIr  playing  a  role  in  intracellular 
trafficking  as  these  lipids  are  concentrated  in  intracellular 
membranes  (34). 

DISCUSSION 

Our  findings  demonstrate  a  unique  binding  preference  of 
HIP1  and  HIPIr  via  their  ENTH  domains  for  3-phosphorylated 
bisphosphoinositides.  This  binding  is  likely  necessary  for 
proper  functioning  of  HIP  proteins.  This  is  suggested  by  our 
observation  that  mutants  lacking  the  ENTH  domains  are  mis- 
localized  in  the  cell  and  induce  apoptosis.  We  reported  previ¬ 
ously  that  full-length  HIP1  promotes  growth  and  transforma¬ 
tion  of  fibroblasts.  A  potential  direct  mechanism  for  this 
transformation  is  described  here,  where  we  show  by  using 
cycloheximide  that  both  HIP1  and  HIPIr  stabilize  activated 
receptor  tyrosine  kinases  by  inhibiting  protein  degradative 
pathways  post-ligand  stimulation.  Consistent  with  this,  the 
pro-apoptotic  mutants,  HIP1/AE  and  HIPlr/AE,  do  not  stabi¬ 
lize  growth  factor  receptors. 

These  results  are  of  interest  in  light  of  data  demonstrating  a 
causative  role  for  HIP1  in  oncogenesis  as  well  as  the  recent 
finding  that  HIP1  deficiency  alters  the  levels  of  intracellular 
AMPA  receptors  in  cultured  central  nervous  system  neurons 
(35).  In  addition,  the  HIP1  portion  of  the  HIP1/PDGF/3R  fusion 
protein,  independent  of  its  dimerizing  activity,  is  necessary  for 
its  transforming  activity  (18).  We  suggest  that  HIP1  and  HIPIr 
act  in  a  rate-limiting  fashion  downstream  of  receptor  uptake  to 
inhibit  trafficking  of  receptor  tyrosine  kinases  to  the  lysosome 
for  subsequent  degradation. 

It  is  interesting  to  speculate  that  HIP1  and  HIPIr,  by  binding 
inositol  lipid  determinants  of  clathrin-coated  vesicles,  early  en¬ 
dosomes,  and  recycling  endosomes  via  their  ENTH  domains,  may 
cause  the  endocytic  machinery  to  favor  continued  signaling  ei¬ 
ther  by  stabilizing  the  early  endosome  or  by  stimulating  growth 
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Fig.  6.  HIP1  and  HIPIr  and  the  HIP1/AE  mutant  do  not  alter  EGFR  uptake.  A,  COS  7  cells  were  transfected  with  EGFR  and  either  vector 
(Vec),  HIP1,  HIPIr,  or  dynaminl-K44A.  Cells  were  starved  and  stimulated  with  EGF  for  30  min  before  fixation  for  confocal  microscopic  analysis. 
Staining  for  EGFR  (green)  shows  the  presence  of  EGFR  in  vesicles  at  30  min  after  stimulation  in  vector-,  HIP1-,  or  HIPIr-transfected  cells  (1st, 
2nd,  and  3rd  row),  but  not  in  dynaminl-K44A-transfected  cells  (bottom  row).  B,  the  EGFR  vesicles  (green )  seen  at  30  min  in  vector-  or 
HIPl-transfected  cells  co-localize  ( Coloc )  with  the  endosomal  marker,  EEA1  (red).  C,  internalization  of  endogenous  EGFR  following  stimulation 
with  EGF  in  HIP1,  HIP1/AE,  and  dynaminl-K44A-transfected  HeLa  cells.  Following  transfection,  cells  were  starved  and  stimulated  with  100 
ng/ml  EGF.  Shown  are  the  relative  amounts  of  surface  EGFR  (i.e.  EGFR  fluorescence  at  indicated  time/EGFR  fluorescence  prior  to  stimulation), 
expressed  as  a  percentage,  as  measured  by  mean  phycoerythrin  fluorescence  in  104  GFP-positive  cells  by  flow  cytometry.  Mean  EGFR  fluorescence 
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Fig.  7.  A  proposed  model  of  HIP  function  in  trafficking  and  signal  transduction.  Binding  of  ligand  to  the  growth  factor  receptor  leads 
to  intracellular  signal  transduction  events  and  concurrent  recruitment  of  clathrin  and  co-factors  to  the  bound  complex.  Uptake  of  ligand-bound 
growth  factor  receptors  occurs  via  a  clathrin  and  dynamin-dependent  mechanism.  Once  pinching  off  the  plasma  membrane  generates  clathrin- 
coated  vesicles  ( CCV ),  bound  ligand-receptor  complexes  continue  to  signal.  HIPs  may  stabilize  this  vesicle  or  the  uncoated  early  endosome  ( EEn ) 
by  inhibiting  the  conversion  to  the  more  acidic  late  endosome  (LEn)  and  favoring  sorting  to  the  recycling  endosome  ( REn ).  In  this  report  we  provide 
evidence  that  suggests  HIPs  inhibit  the  conversion  of  early  signaling  neutral  pH  vesicles  to  later  non-signaling  acidic  compartments  ( dotted  line). 
We  also  show  that  HIP1  is  not  rate-limiting  for  the  uptake  phase  of  endocytosis. 


factor  receptor  recycling  to  the  cell  surface  (Fig.  7).  This  would  be 
in  lieu  of  growth  factor  receptor  degradation  by  trafficking  to  the 
lysosome.  We  also  speculate  that  this  depends  on  the  lipid  com¬ 
ponents  of  the  various  intracellular  compartments.  Thus,  HIP 
location  could  be  regulated  in  part  by  the  inositol  lipid  phospho¬ 
rylation  state,  and  may  act  in  more  than  one  step  of  trafficking  to 
decrease  the  degradation  of  growth  factor  receptors  and  increase 
signal  duration  following  receptor-ligand  uptake.  This  in  turn 
could  lead  to  dysregulated  growth  of  cells,  with  suppression  of 
various  cell  cycle  checkpoints,  accumulation  of  mutations,  and 
oncogenic  transformation. 

These  results  are  also  important  because  HIP1  and  HIPIr 
are  the  first  mammalian  ENTH  domain-containing  proteins 
that  bind  preferentially  to  3,4-  and  3,5-phosphorylated  inositol 
lipids.  Previously  identified  ENTH  domains,  including  those  of 
AP180  and  Epsin  1,  have  been  shown  to  bind  primarily 
PtdIns(4,5)P2  and  PtdIns(3,4,5)P3  (7,  8).  Both  of  the  latter  lipid 
moieties  are  enriched  at  the  plasma  membrane,  whereas  it  has 
been  suggested  that  PtdIns(3,4)P2  and  PtdIns(3,5)P2  are  local¬ 
ized  to  intracellular  vesicles,  predominantly  those  in  the  pe¬ 
rinuclear  sorting  area  (36).  Localization  of  HIP1  and  HIPIr  via 
their  ENTH  lipid  binding  domains  to  intracellular  vesicles 
would  be  consistent  with  their  having  an  additional  role  in 
EGFR  degradation  post-internalization.  Recent  evidence 
points  toward  different  functions  for  the  ENTH  domain  of 
Epsin  1  versus  that  of  AP180.  The  epsin  ENTH  domain  has 


been  shown  to  promote  tubulation  of  lipid  micelles,  implying 
that  the  structure  of  the  domain  causes  curvature  of  mem¬ 
branes  (37).  Thus,  its  function  is  consistent  with  a  role  in  the 
internalization  phase  of  endocytosis.  The  ENTH  domain  of 
AP180,  also  referred  to  as  an  ANTH  domain,  does  not  promote 
the  curvature  of  the  membrane.  HIP1  and  HIPIr  ENTH  do¬ 
mains  appear  to  be  more  similar  by  sequence  comparison  to  the 
AP180  ANTH  domain  than  to  the  ENTH  domain  of  epsin. 

It  is  also  worth  noting  at  this  point  that  the  precise  activities 
of  HIP1  and  HIPIr  in  endocytosis  and  trafficking  remain  to  be 
elucidated.  Although  HIPIr  and  HIP1  have  similar  domain 
structures,  their  interacting  partners  and  subcellular  locales 
are  somewhat  different.  Most  important,  they  do  have  similar 
lipid  binding  specificities  and  similar  inhibitory  effects  on  li¬ 
gand-stimulated  receptor  tyrosine  kinase  degradation,  show¬ 
ing  that  there  is  overlap  in  their  functions. 

Another  example  of  a  putative  endocytic  protein  that  may 
have  similar  functions  to  HIP1  and  HIPIr  is  Epsl5  and  its 
relative  Epsl5R.  Epsl5  co-localizes  with  HIP1  (10),  and  its 
overexpression  alters  growth  of  NIH3T3  cells  by  enhancing 
their  ability  to  grow  at  low  density  (38).  Epsl5  is  monoubiq- 
uitinated  in  response  to  EGF  and  is  a  major  substrate  for  the 
EGFR  tyrosine  kinase  (39).  However,  like  HIP1  and  HIPIr,  its 
activity  in  trafficking  is  not  well  defined.  Testing  whether 
Epsl5  or  mutants  of  Epsl5  have  activity  in  the  EGFR  stabili¬ 
zation  assay  described  here  will  be  of  use. 


in  untransfected  cells  (i.e.  GFP-negative  cells  in  each  well  containing  the  different  transfectants)  was  identical  to  the  vector-transfected  cells.  This 
experiment  was  repeated  twice  with  identical  results.  D,  internalization  of  Alexa-fluor-633-transferrin  in  293T  cells  transfected  with  HIP1, 
HIP1/AE,  and  dynaminl-K44A.  Shown  are  the  mean  fluorescence  intensities  for  104  GFP-positive  cells  measured  by  flow  cytometry,  following  the 
indicated  times  of  transferrin  incubation  with  the  cells.  Mean  fluorescence  intensity  was  not  significantly  different  in  untransfected  cells  versus 
vector-transfected  cells. 
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There  is  growing  evidence  that  intracellular  sorting  of  endo- 
eytic  vesicles  plays  a  major  role  in  regulating  receptor  stability. 
Other  proteins  that  have  an  effect  on  growth  factor  receptor 
trafficking  following  the  internalization  phase  of  endocytosis 
include  Hrs,  Rab5,  and  Cbl  (40-43).  The  regulation  of  these 
proteins  and  their  potential  dysregulation  in  states  of  in¬ 
creased  growth  such  as  cancer  warrants  further  study. 

In  summary,  the  results  in  this  report  provide  evidence  for  a 
link  between  HIP1  or  HIPIr  expression,  lipid  binding,  cellular 
survival,  and  growth  factor  receptor  stability  and  signaling. 
The  activities  of  the  HIP  family  members  are  mediated  in  part 
by  their  ENTH  domains.  The  evidence  provided  here  that  in¬ 
terfering  with  HIP1  or  HIPIr  function  down-regulates  growth 
factor  receptor  tyrosine  kinase  levels  should  be  of  great  interest 
to  those  studying  endocytosis,  signaling,  and  cancer.  Finally, 
the  inhibition  of  HIP1  or  HIPIr  activity  in  tumors  could  con¬ 
comitantly  interfere  with  the  function  of  multiple  growth  factor 
receptors,  providing  a  multipronged  approach  to  therapy. 
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During  recent  years,  alterations  in  proteins  of  the  endo- 
cytic  pathway  have  been  associated  with  tumors.  Dis¬ 
rupted  regulation  of  the  endocytic  pathway  is  a 
relatively  unstudied  mechanism  of  tumorigenesis, 
which  can  concomitantly  disrupt  several  different  sig¬ 
naling  pathways  to  affect  growth,  differentiation  and 
survival.  Several  endocytic  proteins  have  been  ident¬ 
ified,  either  as  part  of  tumor-associated  translocations 
or  to  have  the  ability  to  transform  cells.  Here,  we  sum¬ 
marize  the  information  known  about  huntingtin  inter¬ 
acting  protein  1  (HIP1),  an  endocytic  protein  with 
transforming  properties  that  is  involved  in  a  cancer- 
causing  translocation  and  which  is  overexpressed  in  a 
variety  of  human  cancers.  We  describe  the  known  nor¬ 
mal  functions  of  HIP1  in  endocytosis  and  receptor  traf¬ 
ficking,  the  evidence  for  its  role  as  an  oncoprotein  and 
how  HIP1  might  be  altered  to  promote  tumorigenesis. 

Cells  become  cancerous  owing  to  abnormalities  in  the 
normal  mechanisms  that  exist  to  control  their  growth, 
differentiation  and  lifespan.  Pathways  that  regulate  cell 
division,  DNA  repair,  apoptosis,  aging  and  migration  are 
obvious  targets  for  tumorigenic  mutations,  and  oncogenes 
and  tumor  suppressor  genes  have  been  found  to  partici¬ 
pate  in  these  processes.  In  recent  years,  alterations  in 
proteins  involved  in  the  endocytic  pathway  have  been 
found  to  be  associated  with  tumors.  This  has  lead  to  the 
hypothesis  that  altered  regulation  of  endocytosis  is  one 
way  to  disrupt  several  different  signaling  pathways, 
leading  to  the  initiation  of,  and  progression  to,  cancer 
[1],  Here,  we  review  the  functions  of  huntingtin  interact¬ 
ing  protein  1  (HIP1)  in  endocytosis  and  receptor  traffick¬ 
ing,  and  how  alterations  to  this  role  might  lead  to 
tumorigenesis. 

HIP1  was  first  cloned  in  1997  owing  to  its  interaction 
with  huntingtin  (htt),  the  protein  whose  gene  is  mutated  in 
Huntington’s  disease  [2,3].  The  mutated  htt  has  an 
expanded  N-terminal  polyglutamine  tract  and  a  decreased 
affinity  for  HIP1,  suggesting  that  this  diminished  inter¬ 
action  might  play  a  role  in  the  pathophysiology  of 
Huntington’s  disease  [3].  The  yeast  homologue  of  HIP1, 
Sla2p,  was  discovered  in  1993  as  a  protein  necessary  for 
normal  cell  growth,  morphology  and  cytoskeletal  proper¬ 
ties  [4] .  Sla2p  also  has  confirmed  roles  in  endocytosis  and 
actin  dynamics  [5],  The  only  other  mammalian  member  of 


the  HIP1  family,  huntingtin  interacting  protein  1-related 
(HIPIr),  was  cloned  in  1998  from  its  sequence  similarity  to 
HIP1  [6],  The  first  clue  that  HIP1  might  have  a  role  in 
tumorigenesis  came  in  1998,  when  a  mutant  fusion  protein 
of  HIP1  and  the  PDGFp  receptor  was  discovered  as  the 
cause  of  a  chronic  myelomonocytic  leukemia  [7],  Sub¬ 
sequently,  HIP1  overexpression  was  found  in  several 
primary  epithelial  tumors  including  breast,  ovarian, 
prostate,  lung  and  colon,  and  its  expression  negatively 
correlated  with  survival  in  men  with  prostate  cancers 
[8],  Further  studies  demonstrated  that  HIP1  can 
transform  fibroblasts  and  alter  signaling  via  growth 
factor  receptors  [9]. 

The  HIP!  family  in  endocytosis 

Current  evidence  points  to  a  role  for  HIP1,  HIPIr  and 
Sla2p  in  clathrin-mediated  vesicular  trafficking.  However, 
their  precise  roles  are  unknown.  HIP1  is  a  120-kDa  protein 
that  partially  co-localizes,  co-sediments  and  co-purifies 
with  clathrin-coated  vesicles  [10-12].  The  HIP1  family  of 
proteins  contains  several  conserved  domains  that  could  be 
important  for  their  functions;  these  include  the  AP180 
N-terminal  homology  domain  (ANTH),  a  central  coiled-coil 
region  and  a  C-terminal  talin  homology  domain.  The 
coiled-coil  domain  of  HIP1  contains  a  leucine-zipper  motif 
and  mediates  heterodimerization  with  HIPIr  [13].  HIPIr, 
but  not  HIP1,  co-localizes  with  actin  through  its  talin 
homology  domain,  and  binds  to  F-actin  in  vitro  [14,15]. 
Although  HIP1  has  a  talin  homology  domain,  it  does  not 
bind  to  F-actin  under  the  same  conditions  [13].  This  lack  of 
actin  binding  explains  their  differential  localization: 
HIPIr  is  concentrated  at  membrane  ruffles  and  HIP1  is 
not.  Both  HIP1  and  HIPIr  have  a  punctate  cytoplasmic 
distribution.  In  addition,  immunofluorescence  shows 
intense  staining  in  the  peri-nuclear  region  [16].  HIP1, 
but  not  HIPIr,  contains  consensus  binding  sites  for  the 
endocytic  adaptor  protein  AP2  (DPF  motif)  and  the 
clathrin  heavy  chain  (LMDMD  clathrin-box  motif),  and 
associates  directly  with  these  proteins  [10-12,17].  In  mice 
with  deleted  Hipl,  recruitment  of  HIPl-binding  endocytic 
proteins,  including  HIPIr  and  AP2,  to  liposomes  from 
brain  lysates  is  diminished  [18],  In  addition,  the  central 
helical  domains  of  both  HIP1  and  HIPIr  are  able  to  bind 
directly  to  the  clathrin  light  chain  and  stimulate  clathrin 
assembly  in  vitro  [13,15]. 

These  data  demonstrate  that  the  HIP1  family  has  a  role 
in  clathrin-mediated  endocytosis.  The  interaction  of  HIP1 
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with  AP2  suggests  that  it  is  involved  in  receptor  uptake  at 
the  plasma  membrane.  The  interaction  of  HIPIr  with  actin 
suggests  that  it  links  cytoskeletal  and  endocytic  processes. 
HIP1  and  HIPIr  might  play  a  role  similar  to  Sla2p,  which 
has  recently  been  shown  to  be  necessary  for  the  productive 
interaction  of  the  actin  cytoskeleton  with  the  endocytic 
machinery,  to  allow  membrane  invagination  [19]. 

In  addition  to  the  interaction  with  clathrin  and 
induction  of  clathrin  lattices,  the  HIP1  family  contains 
an  ANTH  domain  that  implicates  them  in  endocytosis.  The 
ENTH/ANTH  (epsin  N-terminal  homology)  domain  family 
has  been  found  in  several  proteins,  all  with  roles  in 
clathrin-mediated  vesicle  trafficking  [20] .  These  proteins 
include  epsin,  enthoprotin/Clint/epsin-related  protein 
[21-23],  AP180  and  CALM  (clathrin  assembly  lymphoid 
myeloid  leukemia),  as  well  as  the  HIP1  family  of  proteins. 
The  ENTH/ANTH  domains  are  phosphoinositide  binding 
domains  with  varied  specificity.  In  AP180  and  epsin,  the 
ENTH/ANTH  domains  bind  phosphatidylinositol-4,5- 
bisphosphate  [PtdIns(4,5)P2]  and  phosphatidylinositol- 
3, 4, 5-triphosphate  [PtdIns(3,4,5)P2l  [24,25],  The  lipid¬ 
binding  activity  of  epsin  is  required  for  its  role  in  the 
endocytosis  of  epidermal  growth  factor  (EGF).  Expression 
of  an  epsin-deletion  mutant  lacking  the  ENTH  domain,  or 
a  point  mutant  abolishing  the  binding  of  epsin  to 
PtdIns(4,5)P2,  inhibits  EGF  internalization  [24],  The 
ANTH  domain  group  of  proteins,  which  includes  AP180, 
as  well  as  HIP1,  HIPIr  and  Sla2p,  were  only  recently 
classified  separately  from  proteins  containing  the  closely 
related  ENTH  domain  [20,24-26].  Although  both  ENTH- 
and  ANTH-containing  proteins  bind  lipids,  only  ENTH 
domains  have  the  ability  to  induce  curvature  of  the  plasma 
membrane  [26,27]. 

It  was  recently  discovered  that  HIP1  and  HIPIr  have 
different  lipid  specificities  for  epsin  and  AP180  than  was 
previously  described.  The  HIP1  proteins  bind  preferen¬ 
tially  to  PtdIns(3,4)P2  and  PtdIns(3,5)P2  as  opposed  to 
PtdIns(4,5)P2  [16],  PtdIns(3,4)P2  and  PtdIns(3,5)P2  are 
enriched  in  early  endosomes,  whereas  PtdIns(4,5)P2  is 
predominantly  a  plasma  membrane  inositol  lipid  [28] .  This 
lipid  specificity  suggests  that  HIP1  and  HIPIr  have 
additional  endocytic  roles  downstream  of  the  clathrin- 
mediated  invagination  step  of  receptor  endocytosis 
(Figure  1).  Consistent  with  the  hypothesis  that  this 
lipid-binding  specificity  of  the  HIP1  family  implicates  it 
in  intracellular  membrane  trafficking,  the  yeast  protein 
Ent3p  has  also  been  shown  to  have  a  PtdIns(3,5)P2- 
binding  ENTH  domain  that  mediates  its  role  in  protein 
sorting  from  the  intracellular  mutivesicular  body  [29]. 
Although  Ent3p  has  an  ENTH  domain  (and  the  HIP1 
family  an  ANTH  domain),  their  related  lipid  specificity 
suggests  a  similar  subcellular  localization.  Further  work  is 
required  to  understand  how  HIP1  binding  to  PtdIns(3,4)P2 
and  PtdIns(3,5)P2,  clathrin,  HIPIr,  AP2  and  htt  are 
coordinated  to  mediate  the  different  locations  and  func¬ 
tions  of  HIP1  in  the  many  phases  of  clathrin-mediated 
trafficking. 

HIP1  and  HIPIr  in  cellular  survival 

There  are  conflicting  data  in  the  literature  concerning  the 
influence  of  HIP1  on  cellular  survival.  Originally,  it  was 


reported  that  HIP1  functions  as  a  pro-apoptotic  protein, 
because  overexpression  of  HIP1  induced  apoptosis  in 
transfected  NT2  and  HEK  293T  cells.  The  mechanism  of 
cell  death  was  unclear,  but  both  the  caspase  8-independent 
intrinsic  and  the  caspase  8-dependent  extrinsic  death- 
receptor  final  pathways  have  been  implicated  [30,31], 
The  latter  has  been  shown  to  be  mediated  by  a  HIP1 
protein-binding  partner,  designated  HIPPI  (HIP1  protein 
interactor)  [31],  By  contrast,  Rao  et  ol.  reported  that 
overexpression  of  full-length  HIP1  or  HIPIr  does  not 
induce  apoptosis,  whereas  transfection  of  mutants  lacking 
the  ANTH  domain  leads  to  induction  of  apoptosis  in 
multiple  cell  types,  including  HEK  293T  cells  [8,9], 
Apoptosis  mediated  by  the  ANTH  deletion  mutant  of 
HIP1  was  inhibited  by  a  dominant-negative  caspase-9, 
suggesting  that  the  final  apoptotic  pathway  targeted  was 
the  intrinsic  mitochondrial  pathway  [8].  Alternative 
splicing  of  the  HIP1  gene  yielding  two  splice  variants 
that  have  differing  5'  sequences  has  been  reported  [32]  and 
could  explain  the  discrepancy  in  the  reported  pro-  and 
anti- apoptotic  effects  of  HIP1.  Mutation  of  murine  Hipl 
in  vivo  leads  to  testicular  degeneration  due  to  apoptosis 
of  postmeiotic  spermatids  (where  HIP1  is  normally 
expressed  [17]),  suggesting  a  primary  role  for  full-length 
HIP1  in  the  survival  of  some  cell  types.  Finally,  because 
HIP1  can  transform  fibroblasts  and  is  overexpressed  in 
multiple  cancers,  there  are  many  neoplastic  cell  types 
where  the  putative  pro-apoptotic  activity  of  HIP1  is  not 
realized  [8,9], 

Regulation  of  receptors  by  HIP!  and  HIPIr 

In  spite  of  an  accumulated  body  of  work  implicating  the 
HIP1  family  in  endocytosis,  a  detailed  understanding  of 
HIP1  and  HIPIr  activities  in  these  processes  is  lacking. 
Several  studies  have  elucidated  the  importance  of  receptor 
sorting  by  endocytic  mechanisms  for  signaling  through 
membrane  receptors  [33,34].  Recent  data  suggest  that 
HIP1  can  influence  levels  of  various  growth  factor 
receptors  following  ligand  stimulation.  In  addition,  con- 
focal  microscopy  and  glutathione  S-transferase  (GST)  pull¬ 
down  experiments  have  shown  that  HIP1  exists  in 
complex  with  the  AMPA  (a-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic  acid)  receptor  [35].  Primary  neurons 
from  mice  with  targeted  mutation  of  Hipl  have  altered 
surfacerintracellular  ratios  of  the  AMPA  receptor  following 
ligand  stimulation,  suggesting  a  blocking  of  internaliz¬ 
ation,  but  have  normal  transferrin  receptor  trafficking 
[35],  In  other  studies,  overexpression  of  HIP1  in  cell 
culture  stabilized  levels  of  the  EGF  receptor  after  EGF 
stimulation  [9,16],  and  resulted  in  increased  phosphoryl¬ 
ation  of  downstream  effectors  [9],  In  this  case,  receptor 
stabilization  was  not  due  to  a  block  in  internalization, 
because  HIPl-overexpressing  cells  showed  normal  move¬ 
ment  of  EGF  receptor  to  early  endosomes,  post-stimu¬ 
lation  [16].  Increased  levels  of  other  receptors  have  also 
been  observed,  including  fibroblast  growth  factor  (FGF) 
receptor  and  the  platelet  derived  growth  factor  (PDGF)-p 
receptor,  in  cells  overexpressing  HIP1  [9,16],  HIPIr  has 
some  similar  effects  to  HIP1,  stabilizing  EGF  receptor  and 
PDGF(3  receptor  and  increasing  EGF  receptor  phosphoryl¬ 
ation  following  ligand  stimulation.  One  possibility  for 
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Figure  1.  Putative  roles  of  huntingtin  interacting  protein  1  (HIP1)  in  receptor  trafficking  and  tumorigenesis.  (a)  Functions  of  HIP1  in  a  normal  cell.  Binding  of  growth  factor 
(green)  to  its  receptor  results  in  endocytosis  of  the  ligand-receptor  complex.  Accessory  endocytic  proteins,  including  HIP1,  mediate  the  formation  of  clathrin-coated  pits 
from  the  plasma  membrane  that  has  phosphatidylinositol  (Ptdlns)-4,5-P2  and  Ptdlns-3,4,5-P3  as  its  main  inositol  lipids.  These  pits  then  convert  to  clathrin-coated  vesicles 
and  early  endosomes  (yellow)  that  have  Ptdlns-3,4-P2  and  Ptdlns-3,5-P2  enriched  in  their  membranes  owing  to  activities  of  Ptdlns  polyphosphate  5-  and  4-phosphatases, 
respectively.  Receptor-mediated  signal  transduction  occurs  from  the  plasma  membrane,  the  clathrin-coated  pit  and  the  early  endosome  owing  to  sustained  ligand  binding 
at  neutral  pH.  H1P1  might  also  be  involved  in  the  conversion  of  the  early  endosome  to  the  late  endosome  (light  blue).  Additional  hypothetical  roles  for  HIP1  include  a  role  in 
sorting  receptors  at  the  multivesicular  body  (dark  blue)  for  degradation  to  the  lysosome  (purple)  or  for  recycling  back  to  the  plasma  membrane,  (b)  HIP1  in  cancer.  Overex¬ 
pression  of  HIP1  in  tumors  could  increase  one  or  several  of  its  putative  rate-limiting  functions  in  endocytosis  and  vesicle  trafficking,  leading  to  an  amplification  of  signal 
transduction  from  growth  factor  receptors,  rather  than  termination  via  receptor  degradation.  Alternatively,  HIP1  overexpression  might  mediate  tumorigenesis  by  altering 
the  activities  of  currently  undefined  fundamental  cellular  pathways.  Abbreviations:  PM,  plasma  membrane;  +,  possible  positive  regulation  by  HIP1;  -,  possible  negative 
regulation  by  HIP1. 


these  variable  results  is  that  HIP1  and  HIPIr  act  dif¬ 
ferentially  on  a  broad  range  of  receptors  to  affect  their 
internalization,  recycling,  degradation  or  signaling  follow¬ 
ing  ligand  stimulation  (Figure  1). 

Altered  regulation  of  HIP1  and  HIPIr  in  cancers 

The  first  clue  suggesting  that  altered  regulation  of  HIP1 
family  members  could  be  associated  with  cancers  was  the 
discovery  of  a  translocation  between  the  genes  encoding 
HIP1  and  PDGFp  receptor,  resulting  in  the  expression  of  a 
HIPl-PDGFp  receptor  fusion  protein  in  chronic  myelo- 
monocytic  leukemia  [7].  Furthermore,  stable  expression  of 
this  fusion  protein  in  the  IL-3-dependent  murine  Ba/F3 
hematopoietic  cell  line  resulted  in  a  transformation  to 
IL-3-independent  growth  [7],  HIP1  sequences,  indepen¬ 
dent  of  those  that  dimerize  the  fusion  protein,  were 
necessary  for  this  transforming  ability.  This  was  shown  by 
the  fact  that  a  deletion  mutant  of  the  HIPl-PDGFp 
receptor  fusion  protein  containing  only  the  talin  homology 
region  of  HIP1  failed  to  cause  IL-3-independent  growth  in 
Ba/F3  cells,  despite  retaining  its  properties  of  constitutive 
oligomerization  and  tyrosine  phosphorylation  [36] . 

Further  studies  showed  that  the  expression  of  HIP1 
itself  is  altered  in  several  types  of  cancer.  Analysis,  by 
western  blot,  of  60  cancer  cell  lines  showed  that  50  of  the  53 
fines  that  were  derived  from  solid  tumors  (breast,  colon, 
kidney,  lung,  melanoma,  ovarian  and  prostate)  had  high 
levels  of  HIP1  protein.  This  pattern  was  confirmed  by 
analysis  of  HIP1  expression  using  immunohistochemical 
staining  of  primary  human  cancer  tissue  microarrays, 
which  demonstrated  moderate -high  staining  of  HIP1  in 
most  of  these  types  of  cancer  [8],  Because  HIP1  was 
undetected  in  normal  colon  and  prostate  epithelium, 


whereas  the  corresponding  tumors  had  high  levels,  these 
tumors  were  studied  in  more  detail.  Staining  of  25  colon 
cancers  showed  that  48%  of  well  differentiated  tumors  had 
moderate  or  high  HIP1  staining,  whereas  adjacent  normal 
epithelium  did  not.  Similarly,  staining  of  prostate  tissue 
microarrays,  containing  tissue  samples  ranging  from 
normal  prostate  epithelium  to  metastatic  prostate  cancer 
from  128  patients,  demonstrated  the  absence  of  HIP1 
staining  in  normal  epithelium  and  an  increasing  percen¬ 
tage  of  HIPl-positive  samples  as  the  severity  of  the 
neoplasia  increased  from  PIN  (prostatic  intra-epithelial 
neoplasia)  to  hormone-refractory  metastatic  prostate 
cancer  [8],  These  findings  suggested  that  expression  of 
HIP1  is  a  late  event  in  prostate  cancer  progression. 
Strikingly,  analysis  of  linked  clinical  data  for  114  patients 
with  prostate-confined  cancer  revealed  that  those  with 
HIPl-negative  tumors  did  not  relapse  after  radical 
prostatectomy,  whereas  28%  with  HIPl-positive  tumors 
did  [8] .  For  breast  tumors,  analysis  of  a  primary  human 
breast  tumor  tissue  microarray  showed  elevated  levels  of 
HIP1  expression  in  atypical  ductal  hyperplasia,  ductal 
carcinoma  in  situ  and  invasive  breast  cancer  compared 
with  low  expression  in  normal  or  fibrocystic  breast  tissue 
[9],  In  contrast  to  the  results  with  prostate  cancer 
prognosis  and  HIP1  expression,  clinical  outcomes  inde¬ 
pendent  of  the  estrogen  receptor,  progesterone  receptor 
and  Her2  status  of  breast  tumors  were  not  predicted  by 
HIP1  staining. 

Another  study  suggests  that  HIPIr  is  also  altered  in 
cancers.  Screening  of  sera  from  74  patients  with  colon 
cancer  and  75  unaffected  donors  for  reactivity  to  immuno¬ 
genic  tumor  antigens  produced  five  serum  samples  from 
patients  with  colon  cancer  that  had  antibody  reactivity  to 
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HIPIr  [37],  There  was  no  immunoreactivity  to  HIPIr  in 
any  of  the  unaffected  donors.  It  remains  possible  that  these 
antibodies,  reported  to  be  specific  against  HIPIr,  were 
cross-reactive  with  HIPIr  (i.e.  the  primary  tumor  antigen 
was  HIP1). 

Further  analysis  of  the  effects  of  HIP1  overexpression 
on  cells  led  to  the  surprising  discovery  that  HIP1  can 
transform  fibroblasts  [9],  Stable  overexpression  of  HIP1 
under  the  control  of  a  long  terminal  repeat  (LTR)  or 
cytomegalovirus  (CMV)  promoter  produced  cell  lines  that 
had  higher  growth  rates  and  saturation  densities  com¬ 
pared  with  control  cell  lines.  They  also  had  the  ability  to 
proliferate  in  0.1%  serum;  this  reduction  in  the  require¬ 
ment  for  growth  factors  was  hypothesized  to  be  related  to 
receptor  tyrosine  kinase  signaling  pathway  activation, 
because  the  HIPl-overexpressing  cell  lines  displayed 
elevated  levels  of  both  total  and  phosphorylated  EGF 
receptor,  as  well  as  activation  of  the  downstream  effector 
phosphatidlyinositide  3-kinase  and  mitogen  activated 
protein  kinase  (MAPK)  pathways.  Furthermore,  HIPl- 
overexpressing  cell  lines  formed  colonies  in  a  soft  agar 
assay,  foci  when  plated  at  low  density  and  tumors  in  nude 
mice,  confirming  that  HIP1  has  oncogenic  activity  in 
fibroblasts.  HIP1  might  cause  transformation  of  cells  by 
prolonging  activation  and  signaling  of  various  growth 
factor  receptors.  It  is  possible  that  the  effect  of  HIP1  on 
receptors  occurs  after  the  internalization  step  of  endocy- 
tosis,  because  no  defect  in  this  step  was  observed  when 
HIP1  was  transiently  overexpressed  [16],  Whether  this 
mechanism  in  cancer  pathogenesis  is  an  amplification  of 
one  of  the  normal  functions  of  HIP1  in  vesicle  trafficking 
remains  to  be  determined. 

Unknown  roles  of  HIP1 

In  spite  of  our  knowledge  of  the  structural,  biochemical 
and  cell  biological  properties  of  the  HIP1  family,  their  roles 
in  vivo  remain  unclear.  Various  mutant  alleles  of  Hipl  in 
mice  result  in  complex  phenotypes  that  are  not  easily 
explained  by  our  current  knowledge  of  HIP1  function. 
Although  HIP1  is  normally  expressed  in  the  brain,  the 
Hipl  mutant  mice  do  not  have  discernable  central  nervous 
system  (CNS)  abnormalities  [17,18,38],  but  do  have 
testicular  degeneration  [17],  Hipl  mutant  mice  also 
demonstrate  kypholordosis,  which  results  in  tremor  and 
an  abnormal  gait.  No  abnormalities  have  yet  been  found  in 
analysis  of  the  skeleton,  peripheral  nerves,  and  muscle 
function,  but  reduced  binding  of  HIP  1-interacting  endo- 
cytic  proteins,  including  AP-2,  clathrin,  Htt  and  HIPIr,  to 
liposomal  membranes  from  Hip  I -knockout  mice  was 
observed  [18],  How  this  might  cause  the  kypholordosis 
and  tremor  is  still  unclear,  but  Metzler  et  al.  have 
suggested  that,  by  default,  this  hunchback  phenotype  is 
secondary  to  CNS  defects  in  AMPA  receptor  signaling 
in  vivo  [18],  A  new  Hipl  mutant  mouse  also  exhibits 
kypholordosis  and,  in  addition,  has  abnormalities  in  the 
frequency  of  some  hematopoietic  progenitors,  micro¬ 
ophthalmia  and  cataracts  [38] .  These  complex  phenotypic 
characteristics  suggest  that  HIP1  is  important  for  the 
normal  development  or  maintenance  of  several  tissues, 


but  further  studies  are  required  to  determine  which 
activities  ofHIPl  are  important  for  these  in  vivo  processes. 

Other  endocytic  proteins  involved  in  tumorigenesis 

In  addition  to  HIP1,  other  endocytic  proteins  have  been 
implicated  in  cancer,  suggesting  a  general  mechanism  in 
which  perturbation  of  endocytosis  and/or  vesicle  traffick¬ 
ing  can  affect  survival,  proliferation  and  migration  of  cells 
[1].  The  best  example  is  disabled-2  ( Dab2 ),  which  was 
originally  identified  as  a  tumor  suppressor  gene  in  ovarian 
carcinomas  [39,40],  Subsequent  studies  found  that  Dab2 
binds  the  LDL-receptor  family,  AP2,  clathrin  and  phos- 
phoinositides  [41],  and  acts  to  negatively  regulate  the 
canonical  Wnt  signaling  pathway  [42],  Dab2  is  particu¬ 
larly  interesting,  as  it  is  the  only  other  known  endocytic 
protein  that,  like  HIP1,  has  altered  levels  in  human 
tumors. 

Other  endocytic  proteins  that  transform  cells  and  have 
a  putative,  but  undocumented,  role  in  human  cancers 
include  intersectin,  Epsl5  and  Hrs.  Intersectin  is  an 
endocytic  accessory  protein  that  can  bind  Epsl5,  epsin  and 
dynamin.  Overexpression  of  intersectin  regulates  mito¬ 
genic  signaling  pathways,  activating  the  Elk-1  transcrip¬ 
tion  factor  and  causing  transformation  of  rodent 
fibroblasts  [43].  The  endocytic  protein  Epsl5  can  directly 
alter  mitogenic  signaling  pathways,  and  its  overexpres¬ 
sion  in  NIH/3T3  cells  also  results  in  transformation  [44] . 
The  hepatocyte  growth  factor-regulated  tyrosine  kinase 
substrate  Hrs  interacts  with  the  neurofibromatosis-2 
tumor  suppressor  [45] ,  and  functions  to  sort  ubiquitinated 
membrane  receptors  in  the  multivesicular  body  to  the 
degradative  pathway,  and  prevent  recycling  to  the  cell 
surface  [46] .  A  remaining  question  for  all  of  these  examples 
is  whether  their  altered  regulation  is  crucial  to  the 
pathophysiology  of  human  cancer. 

Finally,  similar  to  HIP1,  other  genes  encoding  endocytic 
proteins  are  involved  in  genetic  translocations  that  cause 
leukemias,  making  them  candidates  for  the  formation  of 
other  cancers.  For  example,  the  PDGFp  receptor  is  also 
part  of  a  translocation  with  Rabaptin-5,  a  regulatory 
component  of  early  endosomes;  the  resulting  fusion 
protein,  similar  to  HIPl-PDGFp  receptor,  causes  chronic 
myelomonocytic  leukemia  and  can  transform  Ba/F3  cells 
to  IL-3-independent  growth  [47].  In  addition,  CALM,  an 
ANTH-containing  endocytic  protein  homologous  to  AP180, 
was  originally  identified  from  a  translocation  common  in 
acute  lymphoblastic  leukemia  [48],  An  MLL-CALM 
(mixed-lineage  leukemia)  translocation  was  also  recently 
identified  in  an  infant  patient  with  aggressive  acute 
myelogenous  leukemia,  suggesting  that  altered  regulation 
of  CALM  functions  contributes  to  leukemogenesis  [49] . 

Concluding  remarks 

Current  evidence  assigns  a  role  for  HIP1  in  the  endocytic 
pathway,  by  virtue  of  its  ANTH  domain,  interaction  with 
other  endocytic  proteins  and  subcellular  localization.  The 
specific  nature  of  the  role  of  HIP1  in  endocytosis  and 
vesicle  trafficking  is  less  clear,  but  data  suggest  that  HIP1 
functions  in  the  early  steps  of  clathrin-coated  pit  formation 
and,  possibly,  progression  from  early  to  late  endosomes 
(Figure  la).  HIP1  might  function  at  other  steps  of  vesicle 
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trafficking,  such  as  the  sorting  of  late  endosomes  to  either 
degradative  lysosomes  or  recycling  endosomes.  Alteration 
of  HIP1  functions,  by  overexpression  of  the  normal  protein 
or  translocations  involving  the  HIP1  gene,  might  lead  to 
the  amplification  of  signal  transduction  cascades  mediated 
by  growth  factor  receptors  that  are  normally  regulated  by 
endocytosis  (Figure  lb).  Several  questions  remain  to  be 
answered  in  this  model  concerning  HIP1  function  in  both 
normal  and  cancer  cells.  The  regulation  of  HIP1 
expression  and  the  mechanism  by  which  it  is  increased 
in  tumors  is  largely  unknown  at  present.  The  specific  role 
of  other  accessory  endocytic  proteins  in  tumorigenesis  also 
needs  to  be  clarified.  Finally,  the  role  of  HIP1  interaction 
with  Htt,  HIPPI  or  other  yet  to  be  discovered  HIP1 
partners  in  tumorigenesis  is  unknown.  The  interaction 
with  Htt  might  prove  to  be  important  in  cancer  pathophy¬ 
siology.  An  intriguing  epidemiological  report  shows  that 
patients  with  Huntington’s  disease  have  a  lower  incidence 
of  cancer  compared  to  their  healthy  relatives  [50] . 

Concurrent  amplification  of  many  signaling  cascades 
through  the  modification  of  endocytic  pathways  could 
affect  several  processes  important  in  the  progression  to 
cancer,  including  survival,  proliferation  and  migration. 
Therefore,  manipulation  of  receptor-mediated  signaling 
pathways  via  alterations  in  endocytic  proteins,  such  as 
HIP1,  is  a  novel  mechanism  for  tumorigenesis  that 
involves  a  fundamental  cellular  pathway.  A  better  under¬ 
standing  of  this  mechanism  might  lead  to  novel  drug 
targets  and  treatments. 
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